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SUMMARY

A. General

In order to gain more understanding of the effects of crosslinking
on the mechanical propprtles of hlgh-T polymers, a fundamental study of
the role of crosslInk density, dlstrib tton of segment lengths between
crosslinks, and network Imperfections was begun. A dual approach was
selected: (1) the preparation and study of novel model networks based on
the use of (a) soecial graft-type polymers (Bamford networks) and (b)
interpenetrating polymer networks (Millar-type IPN's), and (2)..the
preparation and study of epoxy/diamlne networks. Although 4 model
systems are not of Interest per se as materials, they offei ie possibility
of easily varying network characteristics and, In some cases, morphology.
Of the two models attempted, the Bamford approach proved to be Impractical.
However, the IPN system (based on polystyrene) proved to be facile and
capable of model ing some aspects of the two-phase morphology now known to
exist In many thermosetting h-lgh-T polymers. The epoxy/diamine system
was selected because resins of thig type are of practical Interest. Though
the epoxy networks are Inherently more limited In control led network varia-
tion than the models, the epoxies also proved to be capable of demonstrating
the effects of Intsrest.

B. Model Networks

Two model networks were investigated during the course of the present
contract:

(1) The synthesis of AB crosslinked copolymers (Bamford networks) was
attempted. The basic Idea was to prepare an Idealized crosslinked poly-
styrene that contained two Independent M I's, and a controllable number of
free chains and chains bound to the netw8rk at one end. A new monomer, the
mixed anhydride of trichloroacetic acid and acrylic acid, was required.

(2) MIllar Interpenetrating polymer networks based on polystyrene/polystyrene were synthesized. The crosslInk level of each network could be
varied Independently, to produce another model thermoset plastic with two
M values.C

Work was discontlnued on the synthesis of the Bamford-type networks in
June, 1976, after It was shown to be too difficult to purify the crude mixed
anhydride required. An alternate model system was therefore sought to Inves-
tigate the behavior of Irregularly-formed polymer networks.

The new system selected was a polystyrene/polystyrene Millar
Interpenetrating polymer network. An IPN Is synihesized by first

xiii



polymerlzing a crosslInked polymer' I network, then swelling in monomer II
plus crosslInker and activator, and polymerizlnq monomer II in situ.

When both polyiners aro identical, the product Is desiqnnited a MIllar IPN
(named after the researcher who fir-st described these materlalA). In the
present study, the crosslinker (divinyl benzene) level of the two networks
was varied Independently, with emphasis on crosslinker levels of 0%,
0.4%, and 4,0%. Single polystyrene networks were made for comparlson.

The cr 8ep behavior of the materials was linvestigated In the range of
60 0 to 120 C, thus covering the range from glassy behavior through the
glass-rubber transition. Master curves were prepared and the shift factors
compared with each other and with values predicted from the WLF (Williams-
Landel-Ferry) equation. In each case, the Millar IPN's were found to creep
In a manner much more like the polymer I single network then the single net-
work having the Identical average overall crosslink level.

Swelling studies on the several Millar IPN's and single networks
were carried out and analyzed via the Flory-Rehner equation to yield M
the average crosslink density. In each case again, the swellIng behavior
was closer to the. polymer I behavior than to the overall-average. The same
was true for the rubbery-plateau modulus, Er, analyzed via the theory of
rubber elasticity to olso yield Mc.

The Inference was drawn that the behavior could be explained by
assuming that network' I was more c'ntinuous In space than network II.
While this Is well'establIshed for IPN's where the two polymers dlffer,
this was an unexpected fir-ding here, but a finding probably relevant to the
gelatlon of a thermosetting system. Indeed such a model was proposed
speculatively many years ago by Bobalek.

On another IPN research program, an equation had been derived by
DonatellI, et al. to determIne the phase domaIn sIze in IPNIs as a functIon
of the weight fraction of each polymer, the crosslink density of network I,
and the interfacial tension between the two polymers (the latter being zero
for a Millear IPN). Use of the DonatellI equation led to a prediction of
domain sizes of 60-10OR for polymer II.

To verify this prediction, special samples of the polystyrune/poly-

styrene MIllar IPN's were prepared, with one component containing a trace
of Isoprene, which was subsequently stained with osplumn tetroxide to develop
staining suitable for electron microscopy using 300A thick speclme-ns. The-
results confirmed predictions: domains of slightly less than 100 were
observed, with polymer I tending to be more continuous than polymer I .

The value of the above experiment lies In Its probable application
to other networks. It has long been known that certain single networks may
such as epoxies and polyei.ters may develop greater or lesser domain for-
mation during polymerization (curing). The systematlc finding of segre-
gation In the above experiment suggests that perhaps In many single networks
also, the earlier polymerized monomer or prepolymer may form a nore con-
tinuous structure than the latter polymerized monomer.
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C. Epoxy. Networks

Several series of bisphenol-A-based epoxy resins were prepared

using methylene diantline as curing agent. Essentially complete curing

was attained, as shown by measurements of dynamic mechanical response.

In series A, the average molecular weight between crosslinks, Hc , was

varied by altering the stolchiometry, with amine excess varying from -30

percent to +100 percent. In series B, M was held constant, while the

distribution of M was varied by blendin5 epoxy prepolymers having

different moleculgr weights. In series C, M0 was again held constant,

but the amine content was varied. In series D, several resins were pre-

pbred using polyamide curing agents. In series E, M was varied at 1:1

stolchlometry by use of epoxy prepolymers having dlf~erent molecular

weights.

Oharacterlzatlon of the following properties (not all resins) was

compIeted: M , by swelling and measurements of rubbery modulus; the state

of cure, by d~fferentlal scanning calorimetry (DSCý chemical analysis and

dynamic mechanical spectroscopy (DMS); viscoelastic response per se by DMS:

stress-strain and Impact response; creep; fracture toughness and fatigue

crack propagation (FCP) behavior; and morphology, by electron microscopy.

A precise baseline of viscoelastic behavior, stress-strain and

impact response, fracture toughness, and FOP response has been established

for series A (varying stl-oichlometry) and a similar baseline of vlsco-

elastic behavior for series E (varying molecular weight of the epoxy).

These baselines serve as standards against which the effects of other
network variations may be compared with confidence.

As expected, an Increase In the degree of crossllnking (ora decrease

In M ) causes an Increase In T (T ), T (the temperature of the major low-

Iyin8 transition), the the 4ransitions, the rubbery modulus,

and the swelling ratio. However, absolute values of Tg were higher than

expected based on the experiences of others with the same system. Increased

crosslInking also caused a decrease In the magnitude of tan 6max near the

Tg, the extent of creep, and the slope uf the modulus-temperature curve at

T In most cases, the dependence of vlscoelastlc parameters on M was

smiltar for specimens having an excess or defIcit of amine; the cns

exception was the transition slope, which varied differently dependini on

whether amine or epoxy was In excess. Creep and T were found to be miost

sensitive to crossllnk density.

One apparently new-quantltative observation was made:

that the dependence of a given viscoelastic parameter on M Is essentlally

the same whelher a given valule of M was attained by varyl~g the stolchlo-

metry or by varying i-he molecular lght of the prenolymer. This fact

should facilitate the comparison of effects of other network variations.

Increasing -the anno/epoxy (A/E) ratio Increases the fracture t~ugh-

n~s (K I the stress Intenslty faicior roquired to drive a crack (AI< ), and.

;Mfot~r p67s Inq th rough a mil n imum, Younr'S rdul I u and the tIons II c i;tr(mri I h.
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However, increasing the A/L ratio decreased the Impact strength and tensile
toughness. lncreasing the molecular weight of the epoxy prepolymer also
increased K and AK , but dec-eased Impact strength and decreased tensile
strength.

Effects of the distribution of segment lengths between crosslinks
were negligible not only In the glassy &nd rubbery states, as expected,
but also In the glass-to-rubber transition region. However, anomalies
were noted In one especially broad (bimodal) distribution, which showed
deviations In most properties from those for the same average Mc.

Electron microscopy confirmed the existence of microgel particles,
even before the gel point, and Indicated that aggregates were probably
formed, as well as Inclusions of secondary cured material and, In the
case of high-molecular-welght epoxies, shells of highly crosslinked
materials. Based on these lindings, and on estimates of critical flaw
sizes from fracture and tensile tests, a tentative model was proposed to
explain as much of the observed behavior as possible. The continuity
of the phases and the strength of bonding between the aggregates or
microgel particles was emphasized, and a strong analogy noted with respect
to Interpenetrating polymer networks.
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SECTION I

INTRODUCTION

A. Statement of the Problem

Crosslinked polymer networks comprise some of the oldest and most
useful polymers In modern technology. Because of their good dimensional
stability, resistance to viscous flow at elevated temperatures, and re-
sistance to water and solvents, resins based on such materials as epoxies,
phenollcs, polyesters, and aminoplasts find many applications, for example
as components for mechanical and electrical uses, as composite matrices,
and as protective coatings. Similarly, cured elastomers fill many commonengineering needs.

Although such crosslinked or "thermoset" networks can often be
made easily, with relatively little technical expertise, knowledge of
structure-property relationships is In a much less satisfactory state than
with thermoplastics (1-3).

* Reasons Include Inherent complexity of the chemistry Involved,
sensitivity to processing conditions (often poorly controlled), Intractabl-
Iity and difficulty of characterization, and a frequent lack of attention
because many ordinary service demands'can be met without sophisticated
technical knowledge. However, as technology moves towards more and more
demanding technical specifications, as in the case of aerospace materials,
and towards more precise and demanding balances between costs, benefits,
and materials conservation, much more must be learned about these materials.At present, the engineer would still like more Information (in comparison
to other materials) to use as a basis for materials selection or component
design.

Thus, relatively little is known about such basic parameters as the
degree and distribution of crosslinking* as a function of composition,
morphology and processing conditions, on the one hand, and as related to
mechanical behavior such as creep, stress-strain behwvlor, and fracture,
on the other.

B. Objective and Scope of the Program

a. Objective:

The principal objective of this program Is to determine the Influence
of crossllnklng and network structure, in particular variations In the dls-
tributlon of chain lengths between crosslInks, on the mechanical properties

It should be noted that variations In crossl Ink distribution may occur both
on molecular and microscopic scales, the former being the subject of this
report, but also relvant to the latter.



of polymers exhibiting high glass transition temperatures, Tg's, above the
temperature of use.

b. Scope:

The scope of the program Includes the study of both model and practi-
cal hlgh-Tg resins, as follows:

(1) Development of syntheses for, and characterization of, model
crossl Inked systems which permit control of the degree and distribution of
crosslinks.

(2) Synthesis and characterization of hIgh-Tg epoxy resins having
controlled degrees and distributions of crosslinks.

(3) Characterization of viscoelastic behavior, Including stress-
strain response at high and low rates of loading, and creep or stress re-
laxation to reflect both short-term and long-term response.

(4) Determination of static and cyclic (fatigue) fracture behavior.

(5) Determination of typical morphologies by optical, electron and
scanning electron microscopy.

(6) Correlation of fundamental properties, especially composition I
and degree and distribution of crossllnklng, with engineering behavior
under static and cyclic loading.

C. General Discussion

As discussed In section A, the Increasing use of crosslInked polymers
for critical and demanding engineering applications requires much better
fundamental knowledge about the molecular networks concerned, and the re-
lationships between the network characteristics, synthesis or processing,
and mechanical and other properties. A major reason for the deficiency In
our knowledge Is the complexity and variety of network structures which
may be encountered (1,2). This complexity leads to several difficulties
In experimental studies of the type concerned In this discussion.

First, It Is difficult to characterize Important characteristics of
crosslln-k density (or M,, the average molecular weight between crosslinks),
the distribution In the length of chains between crosslinks, and the
amount of material not Incorporated In the network. Second, such character-
Istics are sensitive to process variables such as stolchlometry, temperature,
and additives (2,5-26). A thlrc problem Is the tendency for the curing of
many systems such as epoxy resins to be often complex with respect to both
a multiplicity of simultaneous reactions and to morphology (2,7-9,15,24,26).
From the simplest chemical point of view, an ideal polymeric network may
be conceived of as a three,-dlmensional system of connected chains forming
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a single macroscopic molecule (Figs. la, ib). A "single molecule" 15
formed, becauso a Maxwell's dpmon may traverse the entiro systom, stoppino
only upon regular covalent bonds. Clearly, the behavior must depend on the
tightiess of the network with such a model; a network such as shown in Fig.
la would exhibit less swelling than the network in Fig. 1b, which has a
large M . Even with such models for an "Ideal" homogeneous unimolecular
network, however, a problem arises, for In many real cases (Figs. Ic, Id)
the lengths of chains between crosslinks may vary depending on the struc-
ture of the monomers or prepolymers, or on the vagaries of reaction kinetics.
Of particular Interest to this study Is the effect of a distribution In M
(Such a distribution will occur In a homogeneous system; In a heterogeneous
system, several such distributions may exist as well as variations In M
Itself In the various phases,)

r• Furthermore, as shown In Figs. le to lh, a real polymer network Is
usually quite different from the Ideal In structure. Not only do loops and

dangling chain ends detract from the effectiveness of the structure, but
shorter chains, either linear or branched, may exist without direct chemical
connection to the network. Also In some cases reactive diluents such as
styrene oxide may be added reacting at one end of the molecule and leaving

the other dangling. Such entities largely serve to dilute 'lhe network, and

tend to adversely affect physical and mechanical properties (1).

Finally, the topology and morphology of the networks may vary still

more from the picture presented (2). Considerable evidence suggests that
at least In some cases composition may be quite heterogeneous, even to the
point that distinct phases may coexist, especially In the neighborhood of
Interfaces (1,8,9,13,22-26). Indeed, In such cases another model might be

an Inverted version of, for example, Fig. Ig, with highly branched or cross-
linked domains embedded In a lower molecular weight matrix; Fig. lh Illus-
trates such a domain model, as well as the general case of compositional
heterogeneity (noting that phase boundaries need not be sharp). Varlatlons,

may also exist If one of the multifunctional reactants has Itself a dis-
tribution of molecular weight betwoen Its functional group!, (Fig. 1); such
variations are characteristic of epoxy resins.

Typical methods for study of networks have been directed primarily
at determining an averae value for Mc, and have been mainly based on

stolchlometric predictions, swelling, elastic moduli, creep, mechanical

damping, and glass transition behavior (1,2; see also section B.b). Thus,

classical thoorles developed-byFjory (27, chapter IX) and othorei (1,2)
have served to predict gelatlon and crosslinking In a statistical.way,
albeit to an approximation which may or may not be a good onH (2). In tlhe
case of vulcanized rubbers, which exhibit high values of Mr (say, 5000),
much understanding of elastomerlc networks has already been achleved.
While our know I odge remla Ins I ncurnpl te, the i tlory of rubbut elU sl I cIt y
(I, chapter XI), the Flory-Rehner swelling theory (1, chapter IX), and the
theory of viscoelasticity (28) provide guideposts for determining not only

chemical properties such as crossllpk density, but also a practical basis

3
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Figure I. Schema showing typical variatlons In nature and composition
of cror;sllnked polymer networks (after reference 2).
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for estimating modulus, creep, stress-strain behavior and fracture (29-
36). Treatment of the distribution of crosslinks has often been considered
as one of the unsolved problems of polymer science (37). Although It has
been predicted on theoretical grounds that the rubbery modulus should be

f Independent of the distribution of M (38), experimental tests such as
those based on tagging crossi inks wi~h heavy metal atoms (39, 40) have not
been used to confirm the prediction.

At room temperature, all such elastomers, of course, are above
their giass transition temperature, T~ If the crossl inked polymer Is

below its glass transition temperatur, Its molecular chains are In-
capable of long range coordinated motion, and the material becomes stiff
and glassy. Such "thermoset" resins are typified by a variety of
commercial materials, Including phanolformaldehyde resins, melamine resins,
crossl inked polyesters, and epoxy rosins. Unfortunately, with materials
of this type, which exhibit high degrees of crossl inking and great
chemical complexity (M << 5,000, N300 for some common epoxies), equations
useful for elastomers ýend to fall and require empirical modification (2),
and In addition many characterization parameters In the glassy state are
In sensitive to the nature of the crossl Inking. Wireovero as pointed out
cogently by Nielsen (1,2), there Is surprisingly lI ttle fundamental study
of mechanical behavior using m'ate'rials characterized to the I Imlts of

* the state-of-the-art. To be sure, there are exceptions, for example,
recent studies of epoxy behavior by a number of authors (6, 7, 14-19), 46ý 47)
but studies correlating fundamental and englfleeelng behavior are not as
common as might be supposed. In any case, model systems based on anionic
polymerization (41) or on Millar-type IPN's (42-45) should provide val id
approaches to the question of how distribution In Mc affects behavior In
the glassy state and glass-rubber transition region.

Another difficulty with gelling or thermosettIng systems Is that,7
as pointed out long ago by Nielsen (8) dnd others (2), and more recently
by 0iliham (5), thri temnprature of cure plays a role far beyond that of

* simply alteringj reaction rates In a chemical sense. As curing proceeds
at a given nom .inal temperature, the network develops and Its T In-
crosses. However, when the T9 of the network reaches ambient Lemperature
(which may exceed the nominal'temperature duo to adiabatic self-heating),
the rate of f urther crossi IInk Ing I s drast Icall Iy reduced due to s low Ing
of' reactant diffusion by -the stiffening of the network. Thus, If the
specimen Is heated to aboveý Its curin(q temperatlure, as might wul I be thu
case In a modulus-temperaturn study, addlitional curlnq may occur during
the test ItselIf. Information about the notwork deduced from such tests
Is relevant only lu the material subjected to th additionvl thermal
history "of the test, not to the original specrimen as cured. Clearly, tho
curing tempvnrnture must be higher than the mrxirnur test tomperviture if oneI
Is to achieve a network which will be stable durhiq testincl.

In summary, because of the Importance of thermnoset resins to
present and future technology, we need much bettor exporimelital and
theoretical understanding of the relati-onships between process'ing, thti
network formed, and Its bohavior, At- present, detailed empirical or semi-
emp Ir IcalI stud Ies a re ro lat IvelIy f ew I n number, espec Iall Iy w Ith respect to
fracture behavior.

.. ...... ... .... *'.. * .**'' .... . . . .. .. . ~



SECTION II

TECHNICAL APPROACH

From the standpoint of relevance to the engineering opp ications, an
epoxy resin system would be of considerable Interest. Although the chemistry
Is complex, the systems are easily adaptable to specimen preparation, and an
Increasing number of quantitative studies relating at least average or rela-
tive network properties such as M to stolchlometry and curing conditions
have appeared (5-23, 46-50), In ieveral studies by others and this group
(7, 49, 50), It has been possible to demonstrate that full curing can be
effectively obtained using certain cure histories. Also, at least some
qualitative evidence was available relating viscoelastic parameters such as
damping to the breadth of the presumed distribution of crossl Inks (2), and
some evidence was available on stress-strain behavior (7, 46), fracture (32,
33), and Impact strength (46), the latter as a function of M . Disadvan-
tages Include difficulty In precisely controlling the distribution and
nature of crosslinks (due to the fact that commercial resins usually exhibit
a distribution of molecular weight) and In directly measuring the crosslink
distribution. Nevertheless, it seemed reasonable to conclude that a
thorough characterIzatIon of viscoelastic behavior In blends of epoxy resin
should enable correlation of the distribution of M and other network
variables with ultimate behavior under static and Eyclic loading. ExistIng
studies were of Insufrlclent scope to permit such a correlation.

To complement this study, and In a sense to cal IIbrate It, It seemed
desirable to also study a still more definable model system. For this pur-
pose, a novel network system developed by Bamford and others was first
selected (for a review, see reference 4). This system had several advantages
but could not, in fact, be adapted to serve this program within the time
available (51). Because of these difficulties, another model system was
selected based on Millar-type (42-45) Interpenetrating networks (IPN's). To
prepare these, crosslinked polystyrene (Mc-a) Is swollen with a styrene/
crossllnklng-agbnt mixture (to yield Mcmb), and the monomer polymerlzed
(Fig. 2). Thus, for a given average Mc, the distribution can be varied widely
by varying a and b. In addition, It was thought that, by analogy with other
IPN's (52), the behavior of the model might reflect tho nrture of the network
morphology, which In turn might be expected to reflecl the sequentlil nature
of the network formation. Finally, the synthetic techniques are readily
adaptable to rmking laboratory -specimens for mechanical studles. -

In short, two complementary candidate systems were selected: on6-a
potentially good, though not perfect, approximation Io an Ideal network model
but of academic Interest as a material, and the other a less good approxima-
tlon to an Ideal model, but a system with existing englneering applicatlon.
Thus, the two approaches should be considered as a dual model system: a
primary, wel i-definable model coupled with a model which Is less easlly
defined, but of greater technIcal Interest per se. The primnry model should
serve to Illuminate and callbrate the secondary model, the epoxy system; the
two should be considered together.

Specific discussions of evch system follow In ýout lons Il uaid IV.
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SECTION III

SYNTHESIS OF MODEL NETWORKS

A, Introduction

The principal aim of this research Is to show how the mechanical
behavior of glassy networks depend upon the distribution of M. values
and how free or dangling chains alter behavior. Polystyrene, "with a
glass transition temperature, T , of +1000C was selected as the model
network, because Its glass tempgrature Is above room temperature, and Its
general physical behavior is well known.

The obJectlvo, then, was to prepare networks with two distributions
of Mc through the use of the Millar synthesis (42-45).

a. Millar IPN's:

As mentioned previously, this class of IPN's Is a special case Ih
which each iietwork Is the same chemically, The following steps are in-
volved:

(1) preparation of polymer I network (In this case polystyrene
crossi Inked with dIvInylbenzene, DVB),

* (2) swelling of a styrene/DVBAionomer-Il mixture Innto polymer I, !nd

(3) polymerization of the imbibed monomer II to give polymer II.

' Thus the network of polymer II Is synthesized within the existing
network of polymer I. The crosslInk density of each network can be varied
easily by varying the concentration of DVB, thus making It possible to
synthesize a wide variety of crosslInk distrIbutions,

3. Exporimental Detalils.jResults, and Discussion

a. Synthesis:

Millar PN's In which "lhe two Interpenetrnting networks aro bolh
crossl Inked polystyrene (PS) were syntheslzed aJorng with single PS networks
and linear PS as controls. All single networks and polymer I networks
were synthesized by thermal polymerization using dilauroyl peroxide as
the free-radical Initiator at 600 C. The Initiator concentration was 0.4%
by weight based on monomer volume. DIvinylbenzene (IV13) (which Is an
Isomeric mixture containlnq 55% p-DVB) was used as the crossl Inking agent.

14nomer mixturos were prepolymerlzed In an oven at 6'O°C for various
lnngths of time (daprrmdlng upon the DVB concentration) un11l L significant

Increase In viscosity was noted (corresponding to about 10% conversion).

I8
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By prepolymerization, ri0rlnkable wj min fri i mlzed, ond o sim)nloher and more
un iform produc t was produced. p, rop Irpolyiner syrup w;i,3 lransferred to .i
nld fo rimed by n tnrfl;k:'o o eI'ylnu-p rep yl ierie r'ubber between twu glasi ,,
plates held together by clamps (10mm x 15mm x 2mi). Polymerization was
continued In the oven for 3 or 4 days, at whIch time the polymer sheets
were removed and heated for 24 hours at 110 C in a vacuum oven to remove
any unreacted monomer. Weight losses were usually about one percent, and
never more than two percent, Indicating that polymerization was e!isentially
complete.

To make the Millar IPN, additional monomer together with cross-
linker, and Initiator (monomer mixture II) was Introduced by swelling the
polymer I network so that It contained the desired amount of monomer
mixture II. Specimens were then allowed to equlIlbrate overnight so that
diffu•ion of the monomer mixture would occur and distribute monomer II
uniformly throughout polymer 1. The polymer 11 network was made' by
either photopolymerlzatlon using 0.4% benzoin as Initiator or by thermal
polymerization using 0.4% dilauroyl peroxide. In the earlier experlments,
photopolymerIzatlon at room temperature was employed using UV light to
activate the benzoln Initiator. To show that the mode of polymerization
of polymer 1i does not affect the properties of Millar IPN's, thermal
polymerization of polymer'll was also carried out. Creep and swelling
experiments confirmed that there are essentially no physical differences
between the MIllar IPN's polymerized thermally and those polyrierized
photochemlcally. Polymer II was enclosed between glass plates and a
gasket and polymerized for 3 to 4 days, removed from the mold, and heated
under vacuum at 110 0 , for 24 hours to remove unreacted monomer. Polymer-
Izatlon was virtually complete, as Indicated by the occurrence of only .14
small weight losses (one or two percent).

b, SpeclfIc ComposItlons:

Millar IPNis were synthesized In which polymer I contained 0.4%
DVB and polymer II contained 4% DVI In the following weight proporlIons:
"75/25, 50/50, and 2D/75. Polymer I was thermally polymerized and polymer *

II was photopolymerIzed. A single PS network containlng 2.2% ODVB war,
synthesized to use as a comparison for the 50/50 Millar IPN. tHence, tho
50/50 IPN and the 2.2% DVLI network both contain tue same average armounl
of crossl Inklno agent.

Thus, several IPN's wore also synthesized using a polymer I con-
taining 0.4% 0V1, and 4% DVL3 In polymer ii. Another set of Millar- IPN's
with polymer I contalninq 0.4% DVI3 and polymer II contaInIngj 4% DVU
containing 1% Isoprone (for electron microscopy) were synthesized by
thermally polymerlzlng both networks.

For experiments with preswellling, polymer I was polymerlzod at 600 C
In the presence of 50% by volume of tolueno. When 0.4% DV3 was used, no
gelatlon occurred, presumably due to a reduction of the Tromsdorff effect.

i. ... ............



PreswolIen networks containing 4% DVB and 50% by volume of toluene, however-,were synthesized. One such sample was completely deswollen (50%). A

preswol len network containing 4% DVB was partially deswol lon and the roiIin-
Ing folueno exchanged In monomer mixture II containing 0.4% DVB Io make a50/50 Millar IPN.

Attempts to make Inverse Miller IPN's where polymer I contains 4% DVB
were unsuccessful. Various approaches were used. A 4% DVB network sample
Is too highly crosslinked to imbibe more than about 20% monomer solution at
room temperature without breaking up. In order to syall the 4% DVB3 network,
specimens were heated to above their T and Immersed In hot toluqne. rhen
the cooled, sv*,ollen samples were places in monomer solutions to allow lI quld
exchange to ocrur- Upon completl3n of polymerization, samples were removee
and found to have broken up Into small pieces. The weight percent of polymer
II containing 0.4% DVB In these specimens was 50% and less. Another approach
Involved swelling 4% DVB network specimens at room temperature with monomer
solution for short periods of time so as to add 10-25% monomer II. Even at
this ratio of polymer I to polymer I1, the Miller IPN usually broke up upon
polymerizing. Only a few specimens containing a very small amount of polymer
II (10% or less) survived the polymerlzetlun of polymer II without breaking
up, and even these were of Inferior quality being very soft after polymerizing
for up to 7 days. When a 2.2% DVB network was swollen with 50% of a 2.2% DVB
monomer solution, It too broke up upon polymerization.

c. Conclusions

The synthesis of the Millar-type IPN's In which the first polymer syn-
thesized is the less crossllioked one proceeded smoothly by either photo-
chemical or thermal techniques, yielding cast specimens ready for mechanical
characterizations. In fact, the technique Is one of the most facile possible
and presents no problems of any kind. On the other hand, the technique Is not
yet adaptable to making the reverse type, In which the first-formed polymer Is
the more highly crosslinkse one.

I
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SECTION IV

A PROPERTIES OF MODEL NETWORKS

A, Introduction

The physical and mechanical behavior of polymer networks depends
upon the crosslink density, the distribution of wlolculor weights of
chain segments between crosslinks, M , the number of free or dangling
chains, and the temperature. Three 5eneral temperature regions have
been Identified; (I) above the glass-,ubber transition region, where the
material behaves like an elastomer, (2) within the glass-rubber transl-
tIon region, where the material 16 viscoelestic, and (3) below the glass- ,
rubber transl[on region, where more or less glassy behavior predominates.
The experiments performned under this contract are primari ly directed
towards region (3), with some effort placed In region (2) to show the
changes In behavior that may be expected as the polymer chains gain
mobility. Region (1) Is of Interest only In the analytical determina-
"tion of crosslInk density (uee section a, below).

Properties of particular Interest Include creep or stress
relaxation (to determine lkng-term behavior), stress-strain response,
and fracture characteristics. Progress to date Is discussed below,

B. Exrmental Details, Results, and Discussion

a. Experlmental Methods

.Mc: While absolute values of crosslInking cannot generally be
obtained with densely crossllnked systems such as epoxy resins (2),
approxImAte values In more "open" systems can be estimated in several
ways, the most common being by swelling and by measurement of the creep
compllonce In the rubbery state.

Thjs values of M , the average molecular weight between crosslInk
sites, were obtained by sw4illIlg samples in Foluene and using tho Flory-
,Rkehn1er io r atlon (27, 53):[ ihr~or equ~j (27, l In(l - v2 ) + V2 + 12 V2

2  (1)

• ,4_ Vo(V1/3( -12)>
I11C 2

wh'e'-e v2 represents the volume fraction of polymer In the sample at
equilIbrIum, V. Is the solvent moIrr volume, of density p (1.08g/cm3 )
9nd X the polymer-solvent Interaction parameter was taken as 0.44.
n eaýt_ case volumes were assumed to be additive. Tho soluble fraction

was smal I in each case, ranging -rom 3% (4% DVE') Io 5% (0.4% DVB) to
3%-5% ( iF'Ns).:

ii *A
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In addition, values of Mc were estimated from the equilibrium shear
modulus, G (-) or 1/J (-), where J (-) Is the Indicated I imltinq value of
J (t), by means of "lhe theory (24) of rubber elasticity, to give Mc
(I/J (0 ):

M (G (W)) a Mc (1/J ( = pRT J(-) (2)

where p Is the density, R the gas constant, and T the absolute temperature
(in this case, 120 C). Finally, the theoretical value of M was calculated
from the molar ratio of DVB to styrene. C

Creep: Studies of creep as a function of time and temperature were
carried out using a Gehman Torsional Stiffness Tester (54). Creep exporl-
ments covereg the entire range of viscoelasgic behavior from the glassy
region at 60 C to the rubbcry region at 120 C. Compliance readings were
taken at various Intervals In time from 10 seconds to 1000 seconds. The
shear creep compliance, J(t), was calculated from the angle of twist of
the specimen Induced by the torsion wire as Indicated by the apparatus.

Master curves were obtained by shifting data obtained at various
temperatures with respect to a reference temperature (28), assuming that
all relaxation mechanisms had the same temperature dependence. This assump-
tIon was probably justified because the materials under Investigation
differed only In the amount of crosslinker present In the Individual net-
works. Theoretical shift facts were also calculated from the Williams-
Landel-Ferry (WLF) equation

17.44(T-T

log aT = 51.6 +(T-T I
whero temperatures are In °K.

Eac8 curve of reduced compliance was shifted with respect to the curve at
100 C (the reference temperature which Is also the glass transition tempera-
ture) until all fit together to form a smooth master curve. Master curves

for various materials could then easily be compared.

Electrun Micr opy Specimens (2mm x 2mm x 20mm) were cut from the
IPNs and one end of each sample was trimmed to a truncated pyramid with
sides approximately 0.1mm In size. The specimens were exposed to osmium
tetroxide vapor for about two weeks In order to selectively-stain the
Isoprene-mer portion of the PS polymer II phase. A Porter-Blum MT-2
ultramicrotome equipped with a diamond knife was used to obtain ultrathIn
sections about 300A thick. Transmission electron mlcrographs were taken
by direct observation with a Phillips 300 transmission electron microscope.

12
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Results of the various measurements are summarized below.

I. Crossi ink Doris Ity

In Table I, results of the two methods uscd are compared with the
theoretical values for M * calculated from 'he stoichllometry. Note that
a finite value of M is Sbtalned for linear PS due to the existence of
elastically effective physlk:al entanglaments In the rubbery plateau region.
Thus In general, M (I/J(oW) tends to be smaller than Mc (theor.) due to the
contrlbution of thS entanglements to the effective crpssllnk density.
From Table I, It may be seen that. the M (1/J(-)) values for the 50/50 MIlllar
IPNs are significantly larger than expected when compared to the M (1/J(-"))
for the 2.2% DVB single network. Generally, M (E) values for the'Mlllar

PIPNs Ile.somehwere in between the ;experlmenealcvalues for a 0.4% DVB
network and that for a 2.2% DVB network. it. seems that the firot net-
work formed dominates the crosslInk density of the IPN,

°'Swelling data also support the Idea of greater contribuflon of the ,

0.4% DVB Polymer I network, although not as dramatical ly as do the M (1/J(-))
values, M values calculated from the weelght'galn of specimens. afte i
attaining 6quIlIbrIum swelling In toluene ternd to be hIgher than expected
based on overal I DVB content (that Is, they i ;-d to swell more than
expected). The swelling of polymer networks In a good solvent at room
temperature for the time needed to attain equilibrium swelling allows .
all regions of various crosslink densities to swell to tho maximum
degree. Therefore, In the MilHer IPNs, the M (weight galn).values.
measured by swelling tests may not reflect thS greater conlributIon of
Polymer I domains to the same extent as do the M C 1/J(,)) values (see
below).

Table I. Values ofc for Miller IPNs and Controls

Swelling Data Mc (1/J(a)) M
Specimen M

c
( at 120*C (Theory)(Weight Galn)

Control
Linear PS 1, X 104 cc:
0.4% DVB 3.0 X 104 6.9 x 103 2.9 x 104 '

2.2% DVB 6.5 x 103 2.3 x 103 5.4 x 103
4% DVB 3.1 x _32.0 x 103 2.9 x ID)3

Millar IPNs
(0.4'/4' DV%)
75/25 1.7 x 104 4.9 x 103 9.1 x 103
50/50 8.6 x 103 4.4 x I03  5.4 x 103
25/75 5.0 x I0 3  4.7 x i0 3  3.8 x 103

55/45 7.1 X 103 4.5 x 103 5.6 x 103
25/15 3.5 x i03 4.0 x 103 3.8 x 103

alt should be remembered that M Is Inversely proportional to crosslinkSdens ity, c
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2. Creep behavior

Typical creep data are shown In Figure 3. The shift factors, T
were calculated and compared graphically to those obtained from the
WLF equation (eq. 1) In Figure 4. As can be seen from the plot, agreement
with the WLE shift factors is quite good In the region near and Just above
thu T,, 100 C. According to emplrlccl evidence, the WLF equation Is only
valid between T and T +100c fpr linear polymers and may not necessarily
hold for crosslTnked p~lymers. Figure 5 shows the master curves that
resulted from creep experiments performed on the Millar IPNs. All three
polymers creep more than the 2.2% DNB single network and have rubbery
plateau regions lower than those found for the single network. Differences
among the three Millar IPNs are not as great; the 50/50 and 25/75 systems
being very similar and creeping somewhat less than the 75/25 specimen. Two
IPNs In the weight ratios of 25/75 and 55/45 and their master curves are
presented In Figure 6 along with the master curves for 0.4% DVB and 2.2%
OVB networks. The creep behavior of the 55/45 Miller IPN is very similar
to that of the 0.4% DVB network and It creeps significantly faster than the
2.2% DVB network. Only In the rubbery plateau region does it have a lower
compliance than the 0.4% DVB network. The 25/75 master curve Is very siml-,
lar In shape to tho 2.2% DVB cLrve up until the rubbery region Is reached.
A Although It has the highest DVW content of all 4 specimens (3.1% DVB), Its
.rubbery plateau lies between that +or the 0.4% DVB network and the 2.2% DVB
rietwork,

The data presented In Figures 5 and 6 support the notion that
more continuous Polymer I domains and less contlnuousW Polymer II domains
exist In the Millar IPNs. A more continuous Polymer I would be-consls-
tent with the creep data showing more creep in the 50/50 Millar IPN than 4

In its corresponding equivalent 2.2% DVB single network. We also see
that the 55/45 IPN creeps In a manner mL'-h closer to that of the 0.4%
DVB network than the 2.2% DVB network. Thus, Polymer I dominates the
creep behavior and rubbery compliances of the Miller IPNs.

Additional Millar IPNs were synthesized with Polymer I containing
0.4% DVB. Master curves for Millar IPNs containing 0.4% DVB In Polymers I I
are presented in Figure 7. These were made to Investigate the Influence
of stretching the Polymer I network on the creep behavior while maintain-
Inj the same overall DVB concentration. The creep response Is almost

Identical to that of the 0.4% DVB single network. Only in the rubbery
region do dlfferences occLLr; the MI I lar IPN has a somewha:- lower ru.bbery
plateali than expected. A 55/45 Simi-l** Millar IPN with PolymerI con-talInlIng 0. 4% DVB and PolIymer I I conta In Ing lIInear PS c reeps I n a manner

In between that of the linear PS and the 0.4% DVB network. Apparently,
In this case, the linear polymer and the 0.4% DVB network c-ontrol the
creep to the same extent. The Polymer I domain may not be as continuous
In the Semi-I IPN,

4The "more continuous" referrlng to the domlnant matrix.
**A Sumi-I IPN Ic; one in which Polymer II Is not crosslInked, but Polymer I Is-
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In order to further Investigate the effect of preswol IIng In the
creep behavlor, it was decided to preswolI Polymer I by formlng the net-
work In the prosenco of a dil luent (toluono). Tho toluene could then bo
exchanged directly for monomer mix 2 so that Polymer I remains In a
highly relaxed state. The properties of preswollen polymer networks have
been previously studied by Shen and Tobolsky (55, 56). They studied the
effects of diluents on the rubber elasticity of both lightly and highly
crosslinked preswollen polymer networks and the corresponding deswollen
networks. Creep response (Figure 8) for the deswollen 4% DVB network was
faster then for a 4% DVB network, but the rubbery compliance was only
slightly Increased. Creep response for the 50/50 Millar IPN was even
grea ter and the rubbery comp I I nce was s Ign If IcantlIy above that for the2.2% DVB network. Shen and Tobolsky (55, 56) postulated that when polymer-

Ization occurs In the presence of diluent, effective Intermolecular chemical
crosslinks may be decreased by the formation of Intramolecular loops. Also,
network interpenetration and trapped chain entanglements become less sIgni-
ficant at higher diluent concentrations, These phenomena would explain why
the pre,;wollen specimens crept more rapidly and had higher rubbery com-
p1lances than the corresponding single networks. Another factor to consider
In the deswollen 4% DVB network is that the network may have collapsed upon
Itself, and distances between crosslInk points have been reduced by a factor
34. The faster creep of the deswollen material may be In part a response
to the Internal stresses which developed In going from the relaxed, preswollen
state to the deswollen state,

As mentioned above, the study of Millar IPNs was undertaken
originally as a model system for non-unlform plastic networks. Creep
data and to a lesser extent swelling data obtained so far are consistent
with the occurrence of segregation: the first polymerized network
appears to exhibit greater continuity than the second polymerized
network. Reflection suggests that this might be arising because of
random fluctuations In the crosslinking of Polymer I. Monomer 2 would
tend to be located In the small regions of space with accidentally
lower degrees of crosslinking, because the elastic compressive pressure ¶1
would be lower. The greater this segregation effect Is, the more control
Polymer I will exert on viscoelastic creep response and swelling
behavior.

3. Morphology

Creep experiments proved to be very Interesting, but direct
observation on the moleculdr level was needed to lend support to 'tho
above-stated notIoi of a more continuous Polymer I. In order to elucidate
the MIller IPN morphology, a small amount of Isoprene (about one percent)
was Incorporated In Polymer I1 for Miller IPNs In which Polymer I
contained 0.4% DVB and Polymer II contained 4% DVB (Isoprene lends to
form a random copolymer with styrene).
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It was decided to first predict the domain sizes of the less con-
tInuo.s phase using an oquatIon developed by DonateIlI et al. (57) and
given In Appendix A. For the case of polystyrene Millar IPNs, the Inter-
facial energy, y, between Polymers I and II Is expected to be zero. The
Donateill equation thus reduces to:

D2
2  C2K2(I-W 2 )D (4)

vI

For a 50/50 polystyrene Millar IPN with 0.4% DVB In Polymer I and 4% DVB
in Polymer II, we have:

0

K O.7A [from the Polymer Handbook (58)]

W2 0.5

v2* 3.39 x 10"5 moles/g
0

D2  ±85A, or zero*

For 25/75 and 75/25 M!llar IPNs, we obtain D values of 60A and IOOA,
respectively. These predictions were th'on t~sted with a Millar IPN
containing 25% Polymer I with 0.4% DVB and 75% Polymer II with 4% DVB
and 1% Isoprene. Electron microscopy revealed a fine s1ructure with
phase domain diameters for Polymer II of from 50 to IOOA (Figure 9).
This agrees very well Indeed with the prediction of 60A using the
Donatelli equation Polymer II. In addition, although Polymer I Is the
ml.or component (25%) It appears to be the more continuous one. Hence,
It Is apparent that even when an IPN Is synthesized with chemically

Identical components which should be completely compatible on a molecular
level, a discontinuous Polymer II fine structure Is detectable. Thus,
the electron microscopy confirms the deduction (from creep behavlor) that
Polymer II within the more continuous Polymer I.

Previous work by Huelck, Thomas, and Sperling (52) showed that
the network synthesized ilrsl controls the morphology of the IPNs
and Is mn electron micrograph of an IPN containing 72.2% poly(ethyl

acrylate) with 1% butadlene as Polymer I and 27,8% poly (methyl
methacrylate) as Polymer ii. Poly(ethyl acrylate) and poly(methyl
methacrylate) are Isomeric, each having the same molecular welqhl and
very similar structures. The Inter-facial energy, y, should he close
to zero. As before, the micrograph (Figure 10) shows a fline structure
with a more continuous Polmer I phase and a dispersed Polymer I1 phase
with domains less than 100X In size. The morphology seen here Is similar

to that found In the 25/75 Millar IPN.

An Interesting question arlues. Do these polymers represent the
ultimate In compatibility of an IPN on a molecular level? Bocauso both

rZero Is obtained from the third root In the cubic equation when y=O A
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pol ymer- networks a~re chemicall Iy I dentical1 in a Mi Illr IPN (exclIudlInq
viariFtltons In croc-5llnker level and addition of smal I amounts of
I soprano), i t i,3 be I I oved That those mli crocjraphs I nd 1ca)te the most
-ompat lble IIPN poss blbIe. Tho Jonatelli equal oin suggests that the

Polymer 11 domains arise due to the physical restralnT3 and the acciden-
tal inhomogeneitles of polymer network 1.

Consideration of the molecular processes which can lead to a
greater and lesser phase continuity In Millar IPNs suggests that random
crossllnk variations In network I are Important.

4. Relevance to Othir Systems

There Is a striking analogy betweAn the Millar IPNs end the
mulItI-phase aspect of croesslIInked resins such as epoxies (2, 9, 3
15, 22-26) In which heterogeneities with sizes the order of 004'Ahpave
been observed. The question of ne-twork dominance must also play a role
In, for example, mpoxles, for at gelation, a continuous network Is
formed within which Sllubiequent curing takes place.

5. Conclusions

Let us begin by reviewing the evidence, Creop master curvis for
polystyrene/pol~ystyrene MiI liar IPN's in the glassy and glass-rubber
transition ranges Indicated that the behavior was closer to that of
polymer I than the overallI composition wo~uld otherwise ýuggest.. When
compare with the creep behavior of single networks of (a) polymer I
composition, (b) the statlsi icnii average of t-he two networks, and (C)
polymer I I composition, the creep master curve of the ,0 1llar IPN alwayts-
fell betwoen (a) and (b) . The fact that network 1 dolminated -the mechanical
cr eep behavior co-Ad bo Qxplalned by sssumlng that polymer network 1
tended to be mora contlIiuous In space than network 2. Previous work with
I Pkts of two di 'fbren I polymers has clearly establ Ished -the greate-r
continuity at network 1, but there was no a prior- reason for as~suriing
'that the same vns true for the Millar lPN case.

Beofore proceedl ric), two di Iff cuf Ill! I In the obta Ii n Inq of theý data~
r()Lre dl!ýcus.' Ion. F ir-st, all of the data prcisentod had tho Ilower

crasnl ilnked network (0.4% tJVB) a5 pol ymer 1, and the h-lqhor c~ross ilInked
ncetwork (41 .0% D.VB) a,- po I ymer I I . Al I eztteinpts to synthe!r I ze) the revorse
M I MIII a: I F1N w I t1h the 4. 0% DVB n etwo rk as po I yriepr I fal aII d. TIh& rueasons.1.
wore rihe. I Imited 5wel l ibl Ii iy of de~nslIy crossl IInked networks, and their
mechanical instabIlIIty In the face of swnl I ing pressures. SwellI rig
nietwork I I n thle pr esem:e of t o I ue ne, exc-han I nr ',Iho to l uono f r-~ st-y rene--,
DVH comb I natIons, fa I owod by pol yier izat Ion y~el cod a frr- d I ffe'rent
product, p~rababl y due to ith I ncr-eased I evr- :I iniIrtra molIeculIar- cro~ss-
!InkIng when the pol ymer me-,l ecuIfas wereo arfl fI tic a Iy -s7olarntced.



The second problem relates to the variation In the datia between
one master curve anid another, both of norniinally idoertical materials,
with the creep data being taken as Identically as possible. An estimato
from the duplicates obtained (data not shown), Indicates a standard
deviation of about a half an order of magnitude on t'he time scale.
Zince the total variation of al I of the data was about two orders of
magnitude on the time scale, serious attention must be given to the
possibility of the accidental nature of the data. First of all, the
25/75, 50/50, and 75/25 data each fell In the order expected, and all of

:.' them crept faster than the 2.2% DVB single network. PolymerIzat:or via
U, V. light and through thermal chemistry yielded products that were
substantially Identical. The data were further supported by swelling
studies and modulus In the rubbery range. Both of these experiments
Indicated that 'rhe MilIlar IPN behavior tended to be dominated by the
crosslink level of network I.

With the above exper Iments In hand, the Donatel II equation was
applied, In an effort to estimate the domain sizes of network 2.
Values of about 60-100 R were calculated, depending on overall composition.

Actual transmission electron micrographs of osmium tetroxide
stained samples substantiated the above presumptions: polymer network 2
apppars to be less continuous, with phase domains somewhat smaller than
100A. The experiment had same probl ms, however, For most was that
ultramicrotome sections of und r 300; were required, to detect and a

study domains of less than 100 (Standard cutting thicknesses are
rarely less than 600d.) Also, to be sure that the phase domains-were
not caused by the different compositIon of polymer II the Isoprens level
was held to 1%, resulting In very light staining.

Overall, however-, all of the evIdence to date supports the notion
that the first formed network In a Mi lear IPN tends to be more continuous
than network 2. This finding has enormoui inipi Icatlons for the synthesIs
of many tynes of thermoset plastics, which may behave In .a siml lar
manner, For qxample, do the first portions of material reachlIrm the
gelation stage maintain greater continuity than +hat which accliental ly
Is polymerized ator In time?
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SECTION V

SYNTHESIS OF EPOXY NETWORKS

A number of epoxy systems have been Intensively studied over the
last few years (5-26,46-48), most based on bisphenol-A derivatives.
Variations have included the nature of the epoxy resin or curing agent
(10,11), the length between functional groups, which will help define M_
(11), temperature (5), and Ihe Introduction of reactive dlluents, which

mny dilute the network and also alter the state of cure (7). Both amInes
and polyamides have been used; In the latter case (49,50), the Mc can be
varied by changing the amide equivalent content.

For this stuiy, one system considered for selection was the epoxy-
amine-diluent system used by Whiting and Kline (7); (Epon 828-diethylene-
trlamlni-styrene oxide). The system has been characterizod thoroughly
In terms of % .reaction c0 the epoxy, groups, and concentrations of both

-OH and -CH -O- groups followed as a function of amine and diluent .1
(styrene oxide) contents. A wide variety of degrees of cure are obtain-
able, and also variations In Me as a function of stoichlometry. Moreover,
values of yield strength, ultliate tensile strengt hs und fracture energy
have been obtained and related to process parameters. A similar system
(Epon 828/methylene dianilIne (MDA))was also studied extensively by Bell
et al. (6,46-48), who critically analyzed the stolchiometric uspects of
curlig and also determined .... 'foots of M In other amine-cured resins(by changing the moleculgr weight of the amine curing agent) on tensile
and Impact strength,

Bell (47) also shewed that the presence or absence of an exotherm
had no effect on the curing reaction, that nearly complete curing could be
achieved In this system, and that predicted values of Mc agreed well with
values estimated by experiment. Later, Selby and Miller (17) studied the
Epon 828/MDA system extensively, with emphasls on tho effect of stolchlo-

metry on fracture toughness. Since this combination of studlus provided
excel lent background In fraitu1re behavior as well as other properties,
the Epon 828-MDA system was selected as a standard of reference for th!s
study.

At the time this program wai begun, another advantlge of this
system appeared to be the absence of gross heterogeneity of the type
reported for other systems (2,8,22,23). Selby and Miller (17) found
craters and hilIocks (of the order of lim In size) on etched surfaces, but
small-angle X-ray studies revealed no evidence for a two-phase structure
In the 50N to 10J• size range, and no relationship between the largemorphological features and fracture behavior was observed. However, since

then Increasing evidence has been produced by Selby ot. al. (17,26)
h organ and O'Neal (24), and Racich and Kcutsky (25) confirming the ex-
Istence of hoi'orogenelties of various sizes. In fact, as will be dlscusssd
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in section Vill, a complex morphology exists for the resins described herein.
Thus, even with carefully prepared epoxy specimnens, Inhomogeneities exist,
presumably ref lectirig non-optimuml cosol ubil' Ity of reactants or curing (59).
In any case, with careful techniques, It should be possible to prepare
resins which are reproducible In their morphology and properties, and to
use these as standards of reference.

For Initial study, several series of epoxies were prepared based on
the Epon 828-MDA reference resin, Systems Include blends to achieve equal
equivalent weights but different distributions of molecular weight (and Mc )0
and also homopolymers of- varying molecular weight to provide additional
standards for comparison. Characteristics of those and related resins are
described In sections A-a and A-b, and procedures and results in section 8.

A . Structure and Stoichlometry

a. Structure of Epoxies:

gnrlThe epoxy prepolymers used In this study all have the following

0H~C-H CH3  OH CH 01W \)P2 O-C cO0CH 2 CH'

wher n aisfo 0t 4.*

As supplied commercially, a distribution of com~position usually
exists. Indeed, It Is possible to obtain only 'two prepolymers which have
relatively narrow distributions of molecular weight and hence equivalentI

weight: Epon 825 (Shell Chemical Company) and Epi-Rez 509 (Celanese
Coatings CornpanV). As will be described later, this fact along with re-
quirements of curing) restricts the control over heterogeneity In molecular
weight1 M (and hence In MC) which can be achieved In blends.

The curing agents are available In several forms and purities, the
essential component being methylene dianillne (MDA), also called p,pt-
diaminophenyl methane (0DOM):

H2 11 CH2 m  -NH 2

The nominal characloristics (as suppliled by the m~anufacturers) of
the epoxy prepolymers are given In Table 2,

214



Table 2. CharacterIstics of Epoxy Prepolymers.

Prepolymer Equivalent Composition, wt%ro r wt, g/eq n=O n1l n=2-8

Epon 825 176 100 - .

Epon 828 190 75 25 -

Eplrez 520-C' 475 - - -

Epon 10010 500 11 16 72
SEplrez 522-Ca 600 - - -

aEpon 1002 650 - - -

Epon 1004' 938 - - -

a Solid at room temperature.

Confirmation of the distributions will require the use of gel
permeation chromatography; this characterization was accomplished on
the materials used in this study.

b. Stolchlometry and Mc:

For estimation of Mc, the calculations of Bell (47) may be employed.
Bell developed equations for Mc based on the stolchlometry of the curing
reaction and the amount of primary amlne and epoxy groups remaining In the
polymer at a given time. Since calculated values woro shown to agree wellwith Vol us estimated from measuremen~ts of swellIIng and the polymersolvent-Interaction term X (equation 1), the calculations seemed reason-

able.

With curing conditions used In Bellts and this study, several
Ideal Ized structures may be-exppcted, deponding on the stolchFometry
(Fig. 11). In principle, the epoxy prepolymer is difunctional and the
amine tetrafunctionol so that under conditions of equivalence of-functlonal
groups, the -following reaction will occur:
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CH -CH 2OH 2- CH

N -R-N

CH CH 2  CH2-C H

-H CH2  CH CH

6H N R-N OH (5)

H22 
- _ _

At other stotchiometries, structures can be readily visualized by refer-
* once to BelI's paper.

Thus,, with an amine/epoxy ratio of 2: 1 (Fig. 11) enough primary
am Ine Uroups are present to theoret Icall Iy react Ion w Ith all epoxy groups
and yield linear chains, In fact, as shown by Bell (47)# however, some

* primary amino groups may remain after secondary groups have reacted, thus
yielding some crosslinks. In this case, -the effective Mc Is given by (48)

UMA +. bM~ - (X+E){aMA + bM,)/[3/2(2a-Y) + (X+2)1}
* M~~ 3/2(2a-x - Y) - (3/2CX+E)) ()*

where: a and b are the number of moles of amine and epoxy, respectively;
MA and M are the molecular weights of the amine and epoxy, respectively;
aNd X A Y are the numbers of unreacted primary and secondary amine groups,
respeutively. Since the concen~ratlon of unreacted epoxy groups, E, Is
equal to 2b-4a+2X+Y, anaiysis of X and E gives Y (48). After analysis,
B3ell war then able to estimate Mc. From his tabulated date, a value of
about 1500 may he estimated,

If, on the other hand, the structure were In fact lineair, and con-
versf-an complete, M. would In effect becomi-t'he number average molecular
Weight Mr1 as given by

aM A+ bM
Mn a -b()

Using this equation, one wo.uld have a value for M. of '-. In reality, con-
version of prcsl . the functional groups Is not complete; even a
rmilnuscule decrease -from 100 percent conversion wilI yield f inite molecular
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weights. Hence the significance of calculated values for Mc or Mn is
questionable unless very accurate analytical data on the concentration of
residual functional groups Is avalleble.

For the case of equal stolchlometry, when bw2a (Fig. 11), MC Is
given by

Mc= (aMA + bMB)/ 3 (b-a) (B)

when the amine Is slightly In excess, equation 6 may be used as well.

When epoxy Is up to about 20 percent In excess, M. Is given by

Mc [ aaMA - (b - 4a)MB]/EDa - 3/2(2b - 4a)] (9)

which allows for the presence of not more than one dangling end per branch
point. The Idealized structure wli; consist of an amine molecule with
epoxy branches.

B. Experimental Details, .!i.ults, and Discusslon

As mentioned ab'.wi, several series of unblended and blended epoxies
were prepared. General procedures described by Bell (47) and Manson and
Ch Ihu (49,50) were followed for systems using liquid epoxies, depending on
the system; variations were necessary In the case of solid epoxies. Resins
were prepared In two thicknesses: 0.25 In. (6.35 mm) for fracture studies,
and 0,020 In, (0,51 mm) for measurement of dynamic mechanical and other
properties. Materials, procedures, and general results are discussed below,

a. Materials:

The epoxy resins used were al; dlglycidyl ethers of bisphenol-A
ollgomersi Epon series 825, 028, 1001, and 1004 (Shell Chemical Company);
and Epirez series 520-C and 522-C (Celanese Coatings Company), Of these
prepolymers, Epon 1001 and 1004, and Eplrez 520-C and 522-C were solids at
room temperature. The curing agent used In most syntheses was methylene
dianl I ne (MDA), obtained in the form of Torox (Shel I Chemical Company) and
99%-pure MDA (Aldrich Chemical Company). In a few cases, the following
polyamides were used as curing agents: Versamlds 115 and 140 (General Mills
Chemicals, Inc.). In the latter case, phenylglycldyl ether (Shell Chemical
Company) was Used as a reactlv--dlLuent, All resins of a gl~on type were
taken from a given batch; equivalent weights were used as suppi led by-the
manufacturers,

b. Preparation and Curlin:

The various procedures for preparation and curing are surmarIzed
below. Compositions are given In following sections:
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I. The general procedure for systems using I lquld epoxy prepolymers
wIth MDA as the curing agent 8as simlIIr to that used by Bell (47).

Following prior heating to 60 C, the resin and curing agent were evacuated
for 5-15 mln to remove bubbles, ml xed, cast, and cured as follows: 45 mIn
In t circulating oven at 600C; 30 min at 80 QC, mnd 2.5 hrs at 150OC; slow
cooling to room temperature. The mold assemblies comprised clamped 5-in
by 5-In glass plates separated by 0.02-in (0.51 mm) or 0.25-in (6.35 mm)
ethylene-propylene copolymer or teflon spacers. Both Moid Release k23
(Ram Chemical Company) and Epoxy ParFilm (Price Drlsc-ll Company) ware
used successfully as mold release agents; sheets of Mylar were also ef-
fective. With care, clear, yellowish to brown specimens were obtained from
which bubblo-free uections could be cut.

ip,

The cure cycle used was reported by Bell to give essentially complete( curing (47) - a conclusion supported by data presented In section VI.
Somewhat higher temperatures were used by Selby and Miller (17), but the
effect of curing temperature as a variable was not examined In this study
beyond completion of a few exploratory castings which did not yield con-
slatent results.

In order to check on the effIcacy of mixing (in case the multi-phase
morphologies noted were due to poor mixing), some castings were made from
solution In acetone.

. Sol Id epoxy ressins were first melted and then evacuated to
remove any air bubbles. The curing agent was mixed In under vacuum,
using a magnetic stirrer In order to avoid air entrapment. Thick and thIrn
films were cast and cured using the following curing cycle; 1.5 hrs al i0000
and 2.5 hrs at 150 0C. Later the samples were cooled slowly to room
temperature.

3. For Versamid-cured systems the procedure developed by Manson and
Chlu (49,50) was followed. First 6 percent by weight (based on the total
mIx) of phenyl glycldyl ether was mixed with the epoxy prior to addition of
the polyamide In order to reduce viscosity and thus facilitate mixing and
removal of bubbles, The epoxy resin was heated to 400C, and evacuated Ini a
vacuum oven ýo remove absorbed air and moisture. After the curing agent Is
heated to 40 C and added to the resin, the total mixture then evacuated for
about 5 min. Sheets of samples were formed by use of the noId assemrbl les
dkscribed In section b-I.

Detalls follow for the various series made.

c, Series A (varied stolchlometry):

ThIs series (with MDA as nuring agent) was prepared to provide a
standard for comparlson with other specimens prepared In this study and
with the literature. Table 3 gives the composiltions, on the basis of
equlvalent wel.hts (based In turn on specifications supplied by fhe
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manufacturer). "heoretical values of MC, as calculated by equations 6 tu
9, are given In Table 3, alonq with compositions.

Table 3. Compositions of Series A Epoxy Resins,

Desi.nation Amine/Epoxy RatMio Mc (theoretlcal)b

!IaA-7 0.7 ?1 1523
A-8 0.8:1 526
A-9 0.9 : 1 383
A-0 1.0 : 1 326
A-1OA 1.0 1 326

A-il 1.1 : 1 370

A-12 1.2 : 1 415

A-14 1.4 1 1g9

A-16 1.6 : 1 924

A-18 1.8 : 1 1922

A-20 2.0 : I (Linear)

A-22 2.2,1

All are based on the use of Shell Tonox curing agent,
except for the A-IOA case, for which 99% MDA was used.

b For reasons discussed by Bell (47) actual Mc values for
specimens A-16 to A-20 may be In error. In any ca:io,
the error will not affect any trends observed In pro-
perties as a function of stolchlometry.

Thas thi-s series-provides rosins covering-a-wldc range In composil-
tion, ranging In amine excess from -30 perceni ilo +100 perctint,

d. Series 0 (blends at equal M,):

For this series, various resins were blended to achieve &ii :.,o),y
equivalent weight uf 190 g/eq (equivalent to that of Epon 826, and to a
value for of 326). Stolchlometric amounts of MDA were used In all
case's. Details are given in Table 4, which also Includes data on the
blending resins themselves. As may be seen, the breadth of the distri-
butlor of Mc 'chleved was necessarily limited.

3d4
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Tabl I 1. Compositions of Series B (Blonds) Epoxy Rosins.

Deslg- . wi- wtof wt %
nat Ion Ep I e Epon Ep Irez Epon Epon n0 n1 n2-

522-C 1001 502-C 828 825 = n= n-8

B-i1 11 .4 e 8.6 89.9 1,8 8,3
B-2 - 10.3 - 9.6 80.1 88.4 4. 1 7.5

B-3 10.0 - - - 90.0 - -

B-4 - - 11.8 - 88.2 - - -

B-5a - - 100 - 75 25

B-6 - 5.7 - 50.0 44.3 82.4 13.4 4. 2

2-7 - 2.3 - 80.0 17.7 - -

a Control resin.

0. Series C_(equal M0 but different stoichlometry):

In order- to determine whether or not behavior at a given MI depends
on whether or not stiohleometry Is 101, series C was made (51). Powever,
since seri~ e, proved to bu adequate for this purpose, no furhrorws
done with series C.

t. Series 0 (Varsamid Rq.sims)i

Details of the-, refliis are given In the previous rcport ('51). As
mentioned, no work was dono with this 5.eries during this report poi ;-d'
Several ui n were prepored from Epon 828 usilng polymmide curing agent,
Vorsamid!s 115 and 140. 11 soemed undebirable to examino effects of dir,-
tribution in Mc using Versarnid-based rosins, which are softer, *tougher,
and typicali f adhesivesi and coat'ings raihier than rigid, high-T9 resins.
However, In vlew of considerable experience at Lehigh with such ran ins
(49-51), and because suich rosins were expected to be easier to han-dle than
the britilie MDA-cured ones, several specimens werc curod (51)Y. Dur Ing
thi.. report period, resins based on stoichiometric ratios of Versmirrd-14O
and Epon 825 and 828 were used.

Compositions are given In Table 5.
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Table 5. Compositions of Ser us 1) (Vor'samrld-cured) Epoxy Resins.

Deslrgation - Relative Amine/Epoxy Proportions 3 ,;f
'_ Epon 825 Epon 828 Epon 1001 V-115a V-140a

(,D-1 1.0 1.0-
D-2 - 1.0 - - 1.0

D-3 1.0 - - - 1.0

a Amino equivalent weights are: V-115 and V-140, 238 and 385 g/eq,
respectively,

g. Series E (Unblended Resins, equal Stolchlometr,/):

To provide a basel Ine for examining the effects of Mc at constant

stolchlometry, resins based on tho following prepolymers were synthesized
using stolchlone~ric amounts of MDA as curing agent- Enon 82.9, 826, 834,
1001, 1002, and 1004 (see Table 6),

"Table 6. Composltlon of Series E (Unblendedo *1
as-is) Epoxy Resins,

DesignatIon Epon Epoxy Equivalent TheoMetical
Prepolymer Mc

E-1 825 176 308
L-2 828 190 326

E-3 834 271 430I#I

E-4a b34 271 493

E-5 1001 500 740

E-6 1002 680 960 .

E-7 1004 998 1400

Inadvertent deviation from precise stolchlometry.

Of theso, Epon 825 hem a narrow distribution of molecular weight, j
while th, others have fairly broad distributions, Also E-4 contained a
slight oxcess of amIrle (amino/epoxy rbtio N 1.1).
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h. VorIes F (MIyrdalI-d1trlbutIon Blends):

In order to broaden the distribution of Mc beyond the ranoe charac-
terlstl of Ser'let B, It was necessary to move to values of M which
differed from the value ol 326 (Epon 828). It was possible to vary the
distribution of Mc by making resins which had the same average Mc values
as Epon 828, Epon 8134, and Epon 1001., This was done by blending a Epon
825 (narrow distribution of molecular weight) with Epon 1004. Distributions
of M miy be expected to be essentially bimodal, with little overlap.
Det&Is are given In Table 7.

I,'TabieT7, Blmodai Distr'ibution Epoxies.

Sample Epoxy M wt % Epon 825
Designation Equivalent C In Blend a

F-1 190 326 91.0

F-2 255 413 61.9

F-3 260.5 419 60.0

F-4 271 430 56.9

F-5 500 740 20.2

68lend with Epon 1004, F-1, F-4, and F-5 are
equivalents of Epons 828, 834, and 1001,
respectively.

1. Discussion

Using the techniques described, It was possible to prepare specimens
suitable for testing, albeit with considerable difficulty In the case of
the solid epoxies. ReproducibIl Ity of casts appears to be reasonable (see
section VI).

With respect to the blends, It Is clqar that there are limits on
the number of blends that can be prepured from resins which themselves have
a distribution,
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SECTION VI

GENERAL CHARACTERIZATION OF EPOXY NETWORKS

A, Introduction

A principal alm In the epoxy portion of the program Is to study

effects of network structure on ultimate properiie's such as strength,
toughness, and fatigue resistance, as well as on behavior at small-
deformation such as creep or stress relaxation. Adequate correlatlon
requires thorough characterization of the polymers concerned - an Ideal
procedure all-too-often unreelized In practice.

Some studies In the literature have been concerned with several
aspects of behavior, for example$ tensile strength as a function of Me
(7,46) In epoxies rather well characterized in "lerms of dynamic mechanloal
behavior. Other studies, for example of fracture toughness and fatigue
have not Included such characterization, and sometimes the epoxies
themselves are not specified (60-63). It was therefore decided to es-
tablish a standard series of well-characterizod polymors against which
specimens having vmrylng distributions of M and other network character-
Isti'cs could be compored.

Parameters of particular interest are the crosslink density as
expressed by Mc, which also reflects the degree of cure, and the visco-
elastic behavior, which reflects the segmental mobility and energy dis-
sipation characteristics. In particular, viscoelastic response Is often
sensitive to differences In network structure. Microscopic examination
Is also Important, to verify the presente or absence of a two-phase
morphology (see section ViII).

This section describes the characterization of the resins dis-
cussed In sectinn V.

a . CrossI_ I _nk _enslty:

The degree of curo and crossII nk can be analyzed in several ways,
the two most common Involving determination of swellinq (and sol-gel
ratio) and modulus In the rubbery state. While, as will be seen,

absolute values may not be obtained In densely crosslinked systems,
values still give an excellent indication of relative network charaL.ter-
iritIcs,

Thus Whiting and KIIne (7) showed that the swelllnq of epoxy-amine-
diluent systems was very sensitive to the nature of the network; the
medsurements were used to Indicate relative values of Mc. Values of MC
can also be estimated from swelling using the Flory-Rehnor equation
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(equal ion 1). L.e of "Ihis or itdif led emIplrl :,jI equalions (2) has had
some soccess with epoxy resins (7,47); In any case, the values can be
correlated with values derived from mechanical tests. In pr!nciple,
distribution functions can be estimated for M^ from measurements of
swelling as a function of pressure; In practice, this is difficult (2).

Values of M. can also be determined from moduli measured by
dynamic mechanical spectroscopy using a Rheovibron or similar unit,
Although the kinetic theory of rubber elasticity (equation 2) Is nol
valid for highly crosslinked systems, an approximation (2) may be useful
(equation 10):

log G z 7.0 + 293 p/Mc (10)

where G Is the shear modulus, p the density, and Mc the average molecular
weigh+ between crossl inks. For convenienue, p was taken to equal unity;
true values ranged up to f 1.2 so that true Mc values may be up to 20%
higher than estimated below. In our experience (49,50), equation 2 held
well for several epoxy resins (cured wlt 4 polyamides), yielding vwlues of
Mc in excallent agreement with prediction; eguatio. 10 nay be better when
the rubbery modulus Is greater than, say, 10s dyn/cm2 . Values of M. have
also been estimated from the elevation of the glass transition temperature,
Tg, by rrosslinking (2,6):

3.9 x 104 ;1
Mc = T - T

g go

where Tqg is the transition temperature of uncrossl Inked polymer ',made by
Incompletely curing an epoxy-amine mixture).

As discussed below, values of Mc based on measurement of G were
concluded to be iost reliable and were, therefore, usually used for
comparison.

L" b. Ff'-ects of CrosslInkinp aind Network Structure:

Crosslinking profoundly affects the viscoelastic behavior of poly-
mers: the T , the damping (as measured by tan 6 or Ell), and the slope of
-the glass trinsition (2,6,7). In addition, crosslInking affects tl~e
characteristics of the next ioss peak appearing as one lowers the tempera-
ture from Tg - a peak often cal led the "a" peak, as distinct from the "&"
peak corresponding to the Tg (18). Some changes are shown In Fig. 11.

As Mc decreaseq (and crosslink density Increases) T shifts to
higher temperatures, and at very low values (densely cross1 Inked systems
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such as pheno; Ic resins) may disaippear altogrnther. Also the damping peak
Is broadened and flalttaied as crossi I nk dons "Ity Increases, the, maximumn
occurring when stoichiometry Is optimum. Effects of stoichiometry and
diluonts are readily observed t'1,6,7). The distribution of crossl inks
Is believed to be In Itirge part responsible for the noticeable br.oadening
of the glass transition as M~ decreases (1, chapter 4)'; this effect Is
also seen with crystallinityc. Presumably a spread In crosslink distri-
bution (or crystallinity) may result In a 3pread In relaxation times and
hence slope of ths transition.

Stress relaxation and creep are also sensitive to network charac-
teristlcs (2) though mo~st scientific work on characterized speclmenL'
appears to have been concerned with rubber2. In general, creep of highly
crosslinked systemrs In the glassy state Is very slow, probably l-ower at
high loads,, long times, and temperatures Just below T than for less
crossi inked systems (2). Thp stress relaxation techn~que (which is
esstwntially equivalent to the Inverse of a creep test) can often reveal

long-time Affects, when coordinated long range molecular motions or,
disentangiements first become Important. Each type of test has been used

lations, using time-temperature superposition princziples (25) In the form
of muster curves Is feasible,

U. Exoerimental-Details. Fesults. atd Discussion

Thin section updates and revises resul ts reported previously for
swollIing and dynamic mechanical spectrc.'copy (5i), New resiults obtained
from torsional creep studies are also rýesented and discussed.

a. Swe I -In~

Details were described In the last roport (51); see Figo, 12 and
13. It was found that results for series A agreed with those obtained
by Bell1 (47),* and gave a minimum at Fin amino/epoxy ratio close to the
stoicluinmetrlc value, However, as noted by Whiting ard Kline (7), absolute
v\'ilues wore difficult to reproduce. For this reason, fur-her studlo:- wereconfirmed to meaIS~remont of n slmpl,' swelling ration, q', measured by
Immursion In acetone for 15 days arnd defined by

swollnn wt~~

dry wt (12

SjInce 'the density of specimens chang~es very~ I !i:tle as a function ofI
stoichiomnetry (7), this relationship Should siuffice +r)SO sinw 8nriv
significant effects. of, for exrimple, Mc distribution.

In the earlier work (5i), i-1 wa!s reportod that skerlas [B (blfndkd)
resins oxh I hitedl swell ing behavior SIM:1 i I L)t theal o controls. In thi a
part of the study (see Tuljlc-ý 8 and 9), values, of cl' were obtainod for-
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Table 8. Swelling and Extraction of Series E Epoxies.

% extraction swelling ratio, q'
S a b avg, a b avg.
- -

E-I 308 0,V82 1.23 1.11 0.25 0.25 0.25

E-2 326 0.67 6.55 0.61 .26 .26 ..26
E-3 430 I '96 1 .96 I1,96 .31 .31 .31

E-4 493 1,49 1.31 .1,40 .31 .31 .31

E-5 740 2.51 2.56 2.54 .40 .38 .39

E-6 980 4.M6 4,80 4,68 .46 .45 .45

E-7 1.4'00 5.45 5.11 5.28 .49 .51 .50

8Theoreticel value.

Table 9. Swelling and Extraction of Series F Epoxies
(Blmndal Blends).

Sample IM % extraction swelling ratio, q'

c a b avg, a b avg,

F-1 326 0.46 0.37 0.42 0.26 0.25 0.25

F-2 413 1.48 1.38 1.43 .27 .27 .27

F-3 419 0.46 0.52 0.49 .29 .29 .

F-4 430 2.05 1.81 1,93 .31 .31 .31

F-5 740 2.39 2.72 2.56 .'9 .39 .39

aTheoretical value.
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serles E and F resins (epoxies of varying molecular weight and bimodal
blends, respectively) and plotted against Mc calculated theoretically,
assuming a 1:1 amine/epoxy ratio and complete reaction. As seen In Fig.
14, the bimodal-blends deviate from the control curve when 330<Mc<430.
(While the effect Is small, simllar deviations are found for other pro-
pertles - see below.) On the other hand, while the % extracted rosesteadily with Mc, the broad-distribution samples bohaved I Ike the base
resins In this respect.

b. Crosslink Density.

In order to correct apparent Mc values calculated by equations 7

and 9, valyes of residual primary amine and epoxy groups were determined by
titration using the methods described by Bell (46). Results (Table 10),

-- '.-T,• which agreod well with these quoted by Bell (46), confirmed that cure was
essentially complete, at least for amine/epoxy ratios between 1/1 and 2/1.
,,However, values for, residul epoxy were consistently low and Improbably
values of Mc were obtained when correction of ML values for Incomplete net-
works was attempted. For A-20, It was Impossible to calculate Mc from
Bell's equation (48) and these chemical analysis data. In fact, more
reasotnable value [Mc (calc)J was found bý using a simplor equallon given
by Bell (46), which had been printed Incorrectly,

Table 10. Residual Functional Uroups In Series A E-poxies and Corrected Mc.

Primary Secondary

spool- E y ,Amine Content AmIns Content cmome/mole mo I e/mo I e mole/mole .

men of epoxy of epoxy of epoxy Uncorrected Corrected

A-7 0.228 na n 1523 509
A-8 0.136 n n 526 411
A-9 0.067 n n 383 356

A-b n n n 326 326

A-1OA 0.037 n 0.037 326 331

A-11 n n 0.2 370 362

A-14 -n n - 0.8 592 526
A-16 n 0.045 1.15 924 '829

A-18 n 0.066 1.47 1922 1571

A-20 n 0.099 1.80 w b

a n = not detected.

b Impossible to calculate using Bel I's new equation and analysis data.
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For this reason, II wds decided to estima~te Mc from values for
rubbery modulus, E' (equation 2). Since values of -E were not greater
than NOMPa, I t wasr thought that oquatIon 2 should hb val id. Also, n
plot of Mc (from P') against M (caic) gave a smooth curve (Fig. 15). Thus, V
values of Mc should reflect reality qualitatively and fairly quantitatively
as well.

Values of Mc estimated from E' are given for series A In Table 11,
along with values calculated from eqbatlons 2, 10 and 11, Tables 12 and
13 give data for series E and series F. Since In these cases, several
values estimated from E' fell off the curves of Mc (from E') vs M• (theor),
values of Mc (E') were Ebtalned from the appropriate calIbFatlon curve.

Table 11, Values of Mc for Series A Epoxy Resins.

Specimen from E from Tg shiftb

_ _ from ecluation 2 from equation lo DSC VIbron

A-7 721 (7 8 0 )c 412 1114 1258

A-8 457 313 650 639

A-9 314 259 453 406

A-I1 303 256 411 402

A-IDA 305-300 257-255 - 429-402

A-11 328 265 459 438

A-12 - 500 "

A-14 496 324 696 619

A-16 821 (6 2 0 )c 442 1026 975

A-18 896 473 1345 1114

A-20 1381 706 1444 2167Si I
D 1)enslty, p, assumed to be 1.

b From equation . T 's from DSC and RheovLbron measuremenrs were plotted
agalnst Mc values ofgcolumn of this table; Tgols were thus estimated
to be 340 OK and 374 OK, respectively.

c Corrected u I ngq ca I i brait Ion curvw,
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'Table 12. Values of M for Series E Epoxy Resins.

From E--, Theoretical,
.Spec I men equation r2 equation 8

E-1 288 (308)b 308

E-2 303 (326) 26

E-3 701 (5 5 0 )b 430

E-4 568 (6 6 0)b 493

E-5 1140 740

E-6 1310 980

E-7 1680 1400

a Density assumed to be 1.

b Corrected using calibration curve.

Table 13. Values of M for Series F Epoxy Resins.

From E'8, Theoretical,
Specimen equation r2 equation 8

b
F-i 303 (326) 326

F-2 570 (510)b 413

F-3 700-(520) b_ 419

;F-4 706 ( 5 90 )b 430

F-5 1146 740

SDens Ity assumed to be 1.

bCorrected using cel Ibratlon curve, serlorn E.
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c. _Dynamic Mechanical Spectroscopy:
Measurements of complex Young's moduli (1) were made using a

Rheovibron viscoelastometer, model DDV-Ii, (Toyo Measuring Inslruiiieat
Company). The Instrument applies a slnusoldal tensile strain to one end
of a sample, end measures the stress sensed at the otlher end, Traris-
ducers permit the reading of the absolute dynamic modulus IE*I (the ratio
of maximum stress to maximum strain) and the phase angle 6 between the
strain and the stress. The storage modulus, El, the loss modulos, E",
and the dissipation factor, tan 6, are given as follows:

El a IE*I cos 6

El = E*J sin 6 (13)

tan 6 E*IEl

E" and tan d are measures of the energy dissipated Irreversibly, and E' a
measure of the energy stored reversibly,

The experimental procedure was as follows. Thin strips (!N2 mm)
were cut out carefully from 0.5mm In sheets and polished well along the
edges using fine sandpaper. Heating to above T prior to cutting helped
minimize shattering of the more bE1ttle speclme~s. Measurements were made
at 110 Hz and a heating rate of I C/mln over a temperature range from
-800C to about 400C above the Tg. Icing of the specimens at low temperature
was avoided by sweeping dry nitrogen through the chamber.

The T and 8-transition temperature were taken from the major and
lower maxlma• respectively# on the loss modulus (E") vs. temperature curves.
The slope of log Et(d log Et/dT) at Tg was obtained In the region of T9
40C.

Typical original data are reproduced In Fig. 16 In order to show the
kind of scatter encountered. Provided that care Is taken to frequently
recalibrate temperature readings and to allow for variations In the
Instrumental correction factor (K) as a function of specimen cross-sectional
area, It Is possible to obtain values of transition temperatures with a pre-
clsion of about +2 C. However, reproducibility of mbsolute values of E, E',
and tan 6 in the'glassy region Is less good, variations of up to 40% being
commonly observed.

1. Series A Epoxy Specimens (Variable Stolchlometry)

Three transitions are often evident In the dynamic spectra of
epoxies, as one descends In temperature to about *,80OC: one at high
temperature, (the a peak), one at a lower temperature, and one at a still
lower temperature, at about -400C to -50°C. The a-peak Is associated with
the glass transition, while the lowest-temperature or B-peak Is attributed
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to motions of the glycIdyl group (19). The middle peak Is an artefact
assoclatod with Incr..mplote curing (8). 1i may al so be noted that with one
exception, no evidence for Incomplete curing or a gross two-phase morphology
Is seen In the dynamic spectra, as has been noted In other studies (1,2,8);
re-running of a specimen gives essentially the same curve as before.

Data are presented In Tables 14 and 15 and displayed In Figs. 17 to
20. (Note that some values reported previously (51) have been revised after
reevaluation.) It may be seen that Increased crosslinking raises the temper-
atures at which the a and 13 transitions occur, as reported In other studies
(6,7,18). Curiously, values of Tg are Inexplicably high--higher than those
noted by Bell (47) (even after alTowance for the higher frequency used In
this study) and higher than prodicted based on the curing temperature (5).
At present, no explanation In terms of temperature error or adiabatic heating
Is tenable.

Incredsed crosslinkIng also Increases the value of the rubbery modulus,
E" (from which MN wag estimated using the theory of rubber elasticity, equa-
t'on 2) and decreases the slope of the u-traniltlon, In conformity with
prediction (2). It Is Interesting that the slope Is a function of stolchlo-
metry only when the amine Is In excess; the emtne appears to sharpen the
transition, perhaps by enhancing mobility of the chain segments. The maximum
value of tan 8 at the c-transltlon Is also decreased, as reported by Murayama
and Bell (6) but Is Increased at the 0-tran~itIon, as reported by Arridge and
Speake (18) and Pogany (19).

When the dynamic parameteras are plotted as a function of M , It Is
seen that most parameters are Independent of which resin component is In
excess. Some parameters (slope at T and tan 6 value at T ) show different
relatlonshlpg with Mc depending on wRether the amine or thA epoxy Is In
excess, This behavior suggests that the networks must be different In the
two cases. Specifically, since the 8 transition Is attributed to the local-
Ized notion of the glycidyl group, It Is not expected to be sensitive to
network structure details. If the Increase In T 0 Is due to tightening the
network (by approachinn stoichlometrv), then the increase In tan 6 x value
seems Inexplicable. Hlowever, contrary to our results, Pogany (19) and
Arridge and Speako (18) observed 'rT decreasing as more and more excess epoxy
was added, arid the amine excess did not affect 'T , significantly (both with
tj Il I photlIc artl nt.9),.

2. Serlo B Esoxy Resins (Blends)

Nita for this series are given In Table 16, see also rig, 17. It

may be soon that the blends comprising this series behave very much like
threference resins of series A.
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Table 14. Dynamic Mechanical Data of Sorlo; A Epoxy Re5,ns (Variable
Stoi ch lomotry)

Sped . 8m d log Ea/dT tan 6  (a peak) E'Sb
AmSne/ Ta T! at T (n) max E XEpoxy a2 , dRatio oC 0o dyn/ca .-dog Val ue Temp. (C) dyncm

A-7 0,7 132 -62 0.050 1.10 148 1.54
A-8 0,8 162 -60 0,050 0.91 177 2.59
A-9 0,9 197 -50 0,038 0.72 213 4,o5
A-10 1,0 198 -45 0.056 0.70 206 4.20
A-1OA 1,OC 192-198 -47 0.043-0.050 0.76-0.68 202-206 4.13-4,25
A-11 1,1 190 -52 0,056 0.82 201 3.82
A-14 1.4 164 -54 0.067 1.08 176 2.40
A-16 1.6 141 -56 0.077 1.25 153 1.38
A-18 1,8 136 -65 0.083 1.30 149 1,25
A-20 2,0 119 -68 0,083 1.60 133 0,78

From maxima In E" vs. temperature curve,

b Storage modulus In rubbery state (at k Tg + 4.0),

o Epon 828/99% MDA. This specimen was shown to have Incomplete curing;

first runs on new specimens gave Tafl9 2, nO,.050 and repeated runs on
tho same specimen gave T,-198, n 0,043, I.e., further curing during the
test. ";

Table 15. Characteristics of the 8 Transition of Series A Epoxy Resins
(VWrlable Stolchlometry). re7

AilneIn/ tan 61lx Temp. of

Specimen Epoxy -4 E"0 -Ratio Temp. O0 Value Inmxt

A-7 0.7 -58 0.051 -62
A-8 0.8 -1I4 o. 058 -60
A-9 0.9 -12 0). 063 -50

A-IOA 1,0 -40 0.068 -47
A-11 1.1 -46 0.068_ -52 -

A-14 1.4 -50 0,066 -54
A-16 1.6 -54 0.063 -56
A-18 1.8 -60 0,063 -(.,5
A-20 2.0 -64 0. 056 -68
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Table 16. Dynamic Mechanical Data of Series B Epoxy Resins (Blends).a

Sample t 6c T, T, El Slope (n)
NI. at t aC 6C X10 d (log EV)

dvn/cm2  dT

B-I .048 -40 198 4.0 .050

B -2 .043 -38 198 4.0 .056

B-6 .028 -35 198 4.0 .055

B-5b 036 -45 198 4.0 .056
B-4 .038 -44 198 4.0 D50 .

B-3 .038 -41 198 4.0 .054

All specimens blended to give Mc = 3265; for compositions

see Table 3.

b Nominal composition for Epon 828 (control specimen).

C Tan 6(max), seen near Tg, ranges between 0.70 and 0,71 In
all cases,

Thus the broadening of the distribution within the limits avallable
In Serles B (see Table 4) has no significant effect on viscoelestic
behavior. It Is true that Epon 828 (75% of epoxy with n-0; 2J%, nr31)
behaves differently from Epon 825 (nwO), but the difference can be
attributed solely to the higher Mc of the latter.

It should be noted, however, that some viscoelastic parameterschdnge significantly with Mc, some parameters change relatively lilttle.
For a 5-fold decrease in cros.sllnk density, E' must, of course, change

5-fold and Tg drops by 80 0C - slgnlflcdnt changes which will have a
profound effect on engineering behavior. On the other hand, parameters
characteriz•ng the glass-to-rubber transition Itself are insensitivo, the
slope n and the value of tan 6 are changed by only +60% arid +150%,_-
respecilvoly. Thus, In testing cr con~sistency of behavior In a cured
epoxy resin, E' and T9 would be the best properties to select.

3,Series E E-poy Resi~ns (Unblended Commercial Resins)

Viscoelastic data are summarized In Table 17 and In Fig. 18, 21, and 22,
In general, when comparison Is made at equal M;, trends In vlscoelagtlc
behavior Is similar to that observed In Series A. Indeed values of T and
tan 6 max agree remarkably well with those of Series A, while valueg oy n
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agree reasonably well. Values of T0 did, however, appear to vary more
strongly with Mc than was the case with Series A; also, for a given
theoretical value of M... values of Er were consistently lower for Series E.

r

Table 17. Dynamic Mechanical Properties of Series E Epoxy Resins
(Commercial Resins).

ran A ......... J
Specimen M0 T8, 00 r.n ta ) Tg- 2 n

(theor.) Value Tamp, no °C Er Eg xiO2

E-1 308 -35 0.62 221 207 0.45 22 5.2

E-2 326 -40 0.75 211 197 0.42 21 5.6

*E-3 430 -46 0.90 175 165 0.17 20 6.7

* E-4 493 -46 0.g5 175 165 0.21 20 6,7

E-5 740 -55 1.25 157 145 0.10 19 9.1

E-6 980 -57 1.40 147 135 0,085 18 9.1

E-7 1400 -60 1.52 138 125 0.065 18 10.0

d From maximum In tan 6.

Eg ra•ers to the glassy state. c 1 GPa 10t dynes/Cm2,

Thus, to a good approximation, the vlscoelastic behavior of the
epoxy resins discussed so far Is governed by Mc, and hence by the average
crosslink density. This Is so whether a given M Is attained by varying
stolchlometry o'r by changing the molecular weight of the epoxy prepolymer -
a conclusion not noted In previous literature. Several of the viscoelastIc
parameters will now be discussed In more dotail.

T . Values of Tg obtained were checked Independently using differ-
entlal iannng calorlmetry (DSC) and the Gehmaf creep tester. As shown
In Table 18, excel lent agreement was obtained, after allowance for the
differences In effective frequency. The dynamic tests were run at 110 Hz,
and +he creep experiment had an effective frequency of 0.1 Hz (=- O-sec-
measuring time), while the effective frequency of the 1lSC Is somewhere In
between. T,'s from the dynamic and creep tests differed by an average of
240C, whlchls In good agmeement with the prediction that Tg should In-
crease by up to about 130C per decade Increase In frequency. Also, values
of the temperature at which tan 6 was a maximum were consistently about

8°C higher than T (obtained from the peak In E"), as expected.

.......... .................... . ...4 .... . 4
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Table 16. T Data for Series E Epoxy Resins.

Specimen -- aa
f roar DSC f rom creep from Rheovibron8

E-4 - - 165

E-5 137 1 18 145

E-6 124 108 135

E-7 116 101 125

a Frequencies: Rheovlbron, 110 Hz; (ehrnan toster, 0.1 Hz

(n. measurement of E at 10 sec. after loading).

Because of the consistency of T( as a function of M ,It seemed
reasonable to develop a quantitative r~lationship botween $he two
parameters. Several relationships are doscribod by Nielson (1, pp.23-24);
the simplest of these, obtained by averaging many date In the literature,
may be expressed as follows:

4
To . = . 0 (14)

where K Is an empirical constant, and T9  Is the T of uncross linked
polymers having the same composition as $he poiymep of Interest. By
extrapolating T (at 110 Hz) to M ~ a value of 1000C was found for Tg *
On averag I rg va~ues of K for' a I I §e'r le's E resins, equation 14 becomes

T U- T 3.= 2 Mx 10 1)

In good quent~lietiye agreement with- Niel.~en's mpproximation. 0Of course,
the constant K may vary somewhmt for riif-ferent epoxy systems.

Once established for a given epoxy system, equation 15 could be
used as tihe basis for a simple test to determine Mc -for any resin of theI
same type. (Of course, T Is of Interest In Its own right.) A major
advantage Is that T~ an Re measured quick~ly and precisely by a variety of
techniques, e.g., IJYC', which are more coniveniernt and less time-consuming

El than creep or dynamic mechanical spoctroscopy.
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Young's Modulus: As expected, ','oung's modulus at room temperature,
E , was found to be nearly Independeni of prepolymer mulecular weight
(Table 17). All values fall.within the range 2±*2GPa, compared to an
average of 1.3GPa for obtained from tensile stress-straIn curves (section
VII).. However, the mean values of E do Iend to decrease slightly but
consistently as Mc Is Increased,

Rubbery Modulus: The rubbery modulus, Er, was found to be related
to the modulus In the glassy state, E , and to E the modulus of a network
having M == by the following expressign

Q r. K(MC -M°) (16)EA- Eo, I 0

where K, Is a constant, and M Is the value of M corresponding to E (that
Is a value which corresponds ýo the case of no glass transition, Th9
tfollowing parameters were found to give a good fIt to the data (for E, =

2.0 GPa

,,E r O 4MPa

M = 190

K1  = 0.6

Tan 6: Since the value of tan 6111 Increses wlth Mc It Is of0
Intent to define the relationship. The ollowing expression ýas found to
hold for Series E:

tan 6 - tan 6max K

t (M 2  (17)
tan 6max (MC 0 - M02

where tan the value of tan 6 for Mc

Vt= the Mc at which tan 6 max 0 and
2  constant, 3x10 2 In thTs case.

M wa.s determined by plotting the ratio of tan 6 vs. M and extrapolat-
I°o to tan 6 =0. The-value thus determined for 'Owas ý60 -- In fair
agreement wIRXthe value of 190 determined In the p~vlous dlscussion of

E..

Slope : As mentioned, the slope n varies directly with Mc. The
following expression was found to correlate the experimental data wellI

n K3 Ioglu (Mc/Mo 3 ) (18)

61i
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where K3  a constant, and
M Mo.= the limitIng value of M. at which n'0.

Using the present data, n=O when Mo3 75 -- a value lower than found from E

and tan x 3'

4. Series F Epoxy Resins (Bimodal Blends)

Viscoelastlc data are summarized In Tables 19 and 20 and In Figures
21 and 22.

Table 19. Dynamic Mechanical Properties of Series F Epoxy Resins
(Bimodal Blends).

SemTan 6 max (at ') T EGPa x 10 Slope
Specmen c , Value Temp. 0C C E E 2

F-1 326 -40 0.75 211 197 0.42 21 5,6

F-2 413 -45 0.75 185 174 0.21 20 5.6

F-3 419 -45 0.80 175 166 0.17 20 5.9

F-4 430 -46 0.75 168 150 0.17 20 5.6

F-5 740 -55 1.25 157 145 0.10 19 9,1

As was the case with Series B and Series E, most properties ut con:tantMc
are lI ttle effected by the greater breadth of the M distribution.
However, two new probable anomnlles exist. First, ýhe slope of the glass
transition tends to be lower than for F-2, F-3 and F-4, resins with M.
values between 500 and 600. Second (Flg. 21), Tg I. abnormally low for
specimen F-4. This cannot be due to an error In measurement, for the
value found Is In excel lent agreement with values determined from creep
and DSC studies.

The conclusion that an anomaly In T exists Is supported by Fg. 22,
which displays T as a function of nomynal composition. Clearly there Is
a sharp break In the T -composition curve between compositions correspond-
Ing to F-3 and F-4. AY high Epon 825 contents, the T' Is dominated by the
Epon 825 component; at high Epon 1004 contents, the T9 Is dominated by
that component.
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Tabl e 20. T DN la ior Sorle ; F Epoxy R,..i

Specimen 40
from DSC from creep from Rheovibron

F-1 184 167 197

F-2 163 147 174 r

F-3 157 139 166

F-4 146 129 1C50

F-5 136 118 145

d.Cee:

Measurements of creep modulus (10-sec) were made using the
Gehman torsional tester, as described in section IV. Data were obtained
at times between 10 and 1000 sec., over a temperature range which spanned
the glass-to-rubber transition regl.n. Creep or stress relaxation dis-
plays the transition region on log-time scale. Since a few degrees In
temperature corresponds to a decade In time, creep or stress relaxation
provides a convenient window to observe transition behavior with a high
degree of sensitivity.

A typical curve Is sh8wn In fig. 23, The dote are theif nhifted to
obtain a master curve at 150 C using the time-temperature superposition
principle (28). Calculations showed that the experimental ondotheoretIcal
vaues for the WLF shift factor 8T, agreed well between T ,I0 C and T +
25 C. The time constant, T (actually, the characteristic retardation
time) was measured at the iRflectlon point of the transition In E.

1. Series A Epoxy Resin,; (Variable Stolchlometry)

As shown In Fig. 23 and Table 21, cloarly TI changes very slgnifl-
cantly--by orders of magnitude--as tho anine/ep 8xy ratio and, hanco, Mc
Is varied, reflecting the change In 79 from 114 C to 1680'. These values
agree well with values obtained using dynamic mechanical- spectroscopy (see
Table 12). Curiously, the slope of the transition was constant excbpt for'
specimen A-20; since the slope of the a transition In the E-T plots varied
significantly with stolchlometry, one might have expected a change In the
creep transition slopes as well. Finally, the creep hehavlor at constant
Mc Is Independent of which component !s In excess.
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Table 21. Cruop Da-td for Epoxy 5orli-, A.

Sa b
Specimen Tg, C En MPa log c' n

sec

A-7 114 30 -9.7 -0.36

A-B 140 33 -2.5 -0.38

A-10 168 44 4.0 -0.42

A-12 151 50 0.3 -0.38

A-20 100 10 -13.0 -0.63

a determlned by finding the temperature at which E 2x108 Pa.

bn a d [log E (t)/d (log Ta),

2. Series E Epoxy Resins (Unblended Commercial Resins)

Results are given In 7able 22 and Fig. 25. As with Series A, the
creep behavior Is very sensitive to crosslink density, with values of log
Tc ranging between -6 and 7.6, depending on the molecular weight of the
p]e polymer. In contrast to Series A, however, the transltilon slopes tend
to Increase steadily as Mc Increases. In a sense, mn Increase In epoxy
molecular weight seems to flexlblllze the system, thus sharpening the
transition. QIt should be noted that values of T are greater than for
Series A because of the lower reference tornperatu'ie used wilth the E
series.

Interestingly, tho vnluoIu of -r and T,, aciree well with data obtfilrotd
from other tfsts (soo Tblew 1V mid iW).

604 I
•'16 I



A0 A* a \7~ ARA

S107

0o6 ....... A , , . . ... , ,. a , , , . . .

•20 -I1 -12 - -4 u 4 12

log t, secnnd

at 1500c at 1291"C 00.••

0, t /a 0
V r

at 1501C

ýA*

L "~~~ ~~~20 I i

1 .,o 1. 5 2 , o 10 2 0 30
); A/ I/M-c XlO4

FIg, 24. Creep-compl lance behavior of series A epoxy resin.s,
Data reduced to 1500C.

67

A ~ ~ '~'*'~ ~.. .,..,...~.. . .. .... I.'.s... . . .



Table 22. Cr'evr Ui'a for, o;erin 1" LEoy l -(Re.ýducned t'o 12°).0 , .

Specimen T9 , °C Er M," 109 TC L

E-1 1/4 15 7.6 -0.38

E-2 167 45 6.0 -0.46
E-3 142 30 3.4 -0.63

E-4 ....

E-5 118 08 -2.5 -0.59

E-6 108 09 -5,4 -0,71

E-7 101 -6.0 -0.80

a At T + 3500

4. Series F Epoxy Resins (Bimodal Blend)

Creep data are summarized in Table 23; see also Frig. 25. In
general, at constant Mc, Series F tends to behave like Series E. There Is,
however, a possibility that specimens F-2 and F-3 may deviate somewhat from :1
the n-M. curve, and that specimen F-4 may deviate from the ic-Mc curve.

The Elopes for F-2 and F-3 are also low when n is plotted vs. the % Epon
825 In the blend, as In the value of kc for F-4. Finally, the 1T0 for F-4 I
Is, as noted before, significantly lower than expected.

Table 23. Creep Data for Series F Epoxy Resins
(Reduced to 129 0C).

S pecitwen Tg 0 C MI'a ,0 _

0rSpT I--n o

F-1 167 45 10 7.6 -0.38

F-2 147 30 + 06 3.6 -0.40

F-3 139 3o ± 06 2.4 -0.39
F-4 129 30 4 0(6 0.8 -0.411

F-5 118 8 ± Ol -1.6 -0.71

Al Tr + 35°C.
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I

o. Effect of Distribution of M: on Viscoelastic Behavior:

In general, for a given average M., variations In the distribution

of Mc may be expected to have little or no effect on properties such as
glassy-state or rubbery modull. This expectation Is amply confirmed by
this study. Effects on the transition behavior (e.g., T or slope of the
transition), could be expected in principle, and have Indeed been proposed.
In fact, this study shows little effect, unless the distribution Is made
extremely broad. While the deviations In, for example, specimen F-4 are
small,-they exceed twice the experimental error In some cases, and
anomalies are observed In a number of tests. At the same time, no evidence
for Incomplete curing has been not•d for any specimens, and recasting of
F-4 gave a resin with essentially the same properties as the first specimen.
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I
SECTION VII

FRACTURE TOUGHNESS, FATIGUE CRACK PROPAGATION AND
STRENGTH OF EPOXY NETWORKS

A. Introdciction

This section deals with fracture toughness, fatigue crack propa-
gatlon (FCP), and stress-strain and Impact behavior. Measurements and
results are described after the general Is discussed.

a. Fracture Toughness:

Fracture toughness may bu measured using either of two approaches,
based on concepts of either a critical energy balance or a critical
stress Intensity factor (31).

The former concept Is due originally to Griffith (60), who showed
that crack extension In an Ideally brittle solid containing an ellipti-
cal crack should occur at a stress, a, when the following relatlonship
holds (assuming a plane stress condition):

(19)

where E Is Young's modulus, S the surface energy of the solid, a the
crack length, and G (=2S) the strain energy release rate. Pul
simply, the release of strain energy must exceed the amount of energy
required to break bonds and form new surface.

In fact, values determined for S Invariably greatly exceed those
calculated on the basis of bond fracture energies (31). Thus, even a
brittle epoxy exhibits a value for S tne order of 104 er /cm2 - two
orders of magnitude greater than calculated; more ductile rosins show
even greater discrepancies. Thus S should be considered as an "effectivw"
fracture energy that Includes a dominant contribution from plastic
deformailon, evidence for which Is seen by electron microscopy.

The second concept Is due to Irwin (61), who suggested that crack
Inslability cou~ld be expressed Ir, ierm~s of the stresis Intfensity factor

K - a measure of the distrib.,+ilon of stress at the crack tip. Since K
can be calculated from the appl led stress, cr.ck length, and geometry,
it is an especially convenient parameter for correlation purposes.

Catastrophic crack propagation wll occur when either a or K
reach critical levels (cc or KY, corresponding In turn to critical

71

-....... ,:... ..........................• .. ........• ... ..............



val ues of S or C;. r ie two corice)ts ,jre ossont I a I y cu I uvalorIolt, and

K 2

GC - ( V2) (20)

for the case of Interest here, plane strain, where v is Polsson's ratio.
KIc Is a useful material constant, though It depends on temperature and on
the mode of crack opening. (For simpl icity, we shal I use "Kc. below.)

The fracture energy, S, of the Epon 828/MDA system has been
determined by Selby and Miller (17), and found to be dependent on both
the method of test and on the MDA content, tending to peakeat an amine/
epoxy ratio of 1.3. Values ranged between 0.7 MPa and 1.5 MPa,
depending on the test. Values reported for other epoxies range between
0.4 MPa and 1.5 MPa (62).

b. Fatlque Crack Propagatilon:

Fatigue failure may occur by two mechanisms: (1) a thermal mode In
which failure occurs by melting due to hysteretic heating, and (2) a
mechanical mode comprising the Initiation and propagation of a crack.
The rate of temperature rise, AT, characteristic of thermal failure Is a
function of stress amplitude, a, frequency, f, and the loss modulus, G"
(28):

," CfG"o 2  
(21)

where C Is a constant, and G" Is Itself a function of f and T. WhIle
temperatures can, Indeed, rise In the fatigue of, for example, epoxy
resins In composites due to such hysteretic heating of a whole specimen,
this study Is concerned with low-freclunncies and loads well below
those which will cause large temperature rises. Of course, there may
be hysteretic effects locally, but the volume of polyr..er affected Is small,
and any effect will be seen as an effect on the mechanlcal propagation
rate.

Failure of a resin takes place In two stages: Initiailon of a
crack, and propagation of the crack to catastrophic rupture. While In
some cases, the InItlation step may be the critical one, frequently-il -
plastics the propagation step Is the rS+t Important (63). Thus, most
polymers contain flaws Introduced during processing. Such flaws will .
begin to grow after a certain number of cycles - the number being lower
the higher the stress applied. However, the Important point In determlning
fatlgu6 life Is the number of cycles required to grow these flaws to a
size which meets the requirements of catastrophic fracture (see equation

19). In fact, frequernly most of the fatigue life Is In the stage of
crack propagation; also, failure may occur at loads well below those
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required for, static rupture. Hence mearurementr, of fa-t'l1e crack propa-
gation are of special irrture;t in the characterization of tourqhness in an
engineering plastic; In addition, approximate values of a qua!;i-fracture
toughness may be obtained as well (see below).

The crack propagation region can be examined exclusively by
precracking (notching) the test specimen so that the artificial flaw Is
essentially ready to propagate. This approach has received Increased
attention recently (63) and was adopted In this Investigation.

A useful parameter to characterize the fatigue crack propagation
(FOP) response In notched specimens Is the stress Intensity factor K
mentioned above (61). Derived from principles of fracture mechanics,
the stress Intensity factor describes the stress conditions at the tip of
the advancing crack and Is defined by

K = Yara (22)

where K Is the stress Intensity factor, Y a correction for specimen
geometry, a the stress, and a the crack length,

Fatigue crack propagation data are generated by cycling notched
samples within a constant load range and recording crack growth over the
corresponding number of fatigue cycles. Under fatigue conditions K will
also vary over a range defined by AK (calculated from equation 22). The
crack length a will also increase, enabling the measurement of the rate
of crack growth per cycle, da/dN, over a range of AK. It has been shown
(64), that the relationship between da/dN and AK can often be represented
by a simple equation of the form:

N AAKn (23)
dN

where A and n are constants for a given polymer, Other relationships
exist, but offer no special advantage In discerning trends In the effects
of chemical structure and composition (63).

In addition, using equation 22, an approximate value of K_ may be
estimated from the value of AISax, the last value of AK noted prior to
catastrophic failure, and the road range. It has been shown that good
agreement can be obtained with values of Kc measured Independently from
static fracture tests (63).

Using this relationship between da/dN and AK, It Is possible to
analyze the FCP response of a polymer as a function of external variables
such as frequency and temperature (64,65) and structural variables such as
molecular weight, composition, and plasticization (65-69), Using
equation 23, many correlations between fatigue and structural parumnters
have been made successfully. The following factors have been shown to
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enhance FOP resistance: crystal I inilty, hIgh molecular weight, linearity
vs crosslInking, and presence of a rubbery Inclusion. Sevrral specific
points In these studies are worth noting In more detail.

First, while studies of controlled crosslinking have not been made
until now, earlier work In these laboratories showed that crosslinking
tends to Increase the slope of the da/dN curve and, at least at high
values of AK, to decrease AK significantly; each of these effects is a
measure of decreased toughness, Further, studies with a densely cross-
linked epoxy resin showed that stable FCP behavior could be obtained only
for a few cycles, and then only by Increasing the temperature. (A new
possible solution to working with such brittle thermoset resin Is
described lat'sr; see section B-a, below),

Second, there Is an unexpectedly large effect of molecular we!ght
In linear polymers such as poly(methyl methacrylate) and poly(vinyl
chloride) (67,68) In fact, It was shown that Cdi/dN varies with tho

* term e(oxp)1/M. (flues of K also depend strongly on M, rising sharply
as M exceeds the critical va~ue required for chain entanglements to

. become effective, and levelling off more or less asymptotically at higher
Svalues of M - say, the order of 105. However, even ti~ough M Is In the
nearly osymptotic range, the FCP rate at a given 6•K still depends
strongly on M. Hence a strong speciflc effect of fatigue per so exists -

an effect attributed to a disentanglement of chains due to cyclic loading.
The higher the average molecular weight, the greater the resistance to
fatigue; a hlgh-molecular-weight tall In a broad distribution also gives,
for ths same averao e M, enhanced fatigue resistance (67).

Third, the B transition appears to play a role not only In strength
phenomena such as yielding but also In FOP and Its sensitivity to
frequency. Thus the FCP rate Is highest at the temperature and frequency
corresponding to the a transition (63); the closer test conditions corres-
pond to the 0 transition, the greater the sensitivity of FOP rate (at a
given WK) to frequency--the rate being reduced by an increase In frequency.

Fourth, It has been abundantly clear that crazing in advance of the
crack tip Is a nearly universal phenomena In fatigue as well as In static
crack growth. Under some conditions (6•), the craze grows Incrementally
with each cycle, and the crack then strikeF through, yielding one striation
per cycle on the fracture surface. Under other conditlons, the craze may
grow for many cycles before the crack strikes through, yielding one stria-
tion for many cycles (so-called "discontinuous growth bands"). Whlile
precise explanaiions of the role of structure in craze formitlon do not yet"
exist, It seems likely that stable crazes, and hence a degree of crack
growth resistance, require the presence of even a small pruporiIon of high
molecular weight material (70). Although crazing has been repnrled In
epoxies (15), nothing Is known about crazing and fatigue. I1 does soenm
likely that crazing will tend to be suppressed by tigjhtly crosslinked not-
works. In any case, fracture surface morphology ("fractography") con help
In elucidating the mlcronlechanIsms of failuro (71).
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Finally, relatively little has been published on fatigue In
monolithic epoxy resins. Schrager (72) has noted Increases In the shear
modulus and dissipation factor In an epoxy resin; a slmllar effect has
been noted by Outwater and Murphy (73). It was suggested that cycling
may have enhanced the degree of cure. Outwater and Murphy also found that
da/dN was a linear function of AK. Sutton (74) described FCP In a "repre-
sentative commercial epoxy-resin tt cured with tetroethylene pentamine, and
also found that equation 23 and a variant which takes account of mean
stress held very well. The response was quite sensitive to mean stress;
with da/dN at constant AK Increasing by two orders of magnitude for a 5-
fold change In load ratio (Kmln/Kx from 0.1 to 0.5). Tomklns and Biggs
(75) suggested that FOP in a brit9e epoxy Is dominated by crack branching
-- a phenomenon possibly related to crazing.

c. Stress-Strain and Impact Behavior:

Several studies describe stress-straln behavior In epoxies; some
results being especially relevant to this program. Thus Selby and Miller

17) reported that Young's modulus of the Epon 828/MDA system depended
somewhat on sfolchlometry, with minlma at amine/epoxy ratios of 1:1
(tension) and 1.1/i (compression) - a finding apparently Inconsistent
with the expectation that modulus might be highest at equal stolchlometry,
If It vari3d at all. Tensile strengths also tended to exhibit a similar
minImum. On the other hand, Bell (46) reported e.sentIal Independence of
tensile strength on stolchlometry. Labana et al. (76) and Whiting and
Kline ( 7 ) worked with different epoxies, but found slight variations in
tensile strength and modulus with stoichIometry. Finally, KaelbIe (59)
reminds the reader that modul I and strengths In the glassy state should
depend more on cohesive energy density and polymer chemistry than on the
network structure per se. (Plasticizatlon, however, could change the
values significantly.)

Impact strength has been studied by Bell (46) as a functlon of
stolchlometry, He reported essential ly no dependence, though hIs I Irnlted
data could permit the cncriluslon that impact strength mwy peak In tho
amine-rich reoqlo'.

B. .Exporl1ldeni'ld tall5s Res¶ults a.nd Discussion

Fatigue test specimens used were cast sheets (sue section VI-B)
1/4-In (0.635 cm) x 3-In (7.62 cm) x 3-In (7.62 cm) In dimensions. Such
specimens are commonly referred tio as "compact tension" specimens. A
1/4-in (0.635 cm) notch war first cut Into the edoe usi lnq a saw; a vou
was then cut using a fine Jeweller's saw. Specimens were nounited using
pin grips,
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To ý;f.nrl Tho urack, , shar p ra"zor ilade wmo drawn i.c:r'o'; ibh•m 1I1
of the voc, and cycl Inq was then begun at a low lonid. "lho I l).d wan
gradually Increased until the crack was observed to begin growing. This
procedure was satisfactory for all specimens except those having 1:1
stoichlometry, though great care was necessary since only a slight In-
crease In load sufficed to Induce catastrophic rupture.

For the 11l-stolchlometry specimens, the above procedure proved
to be ineffective, and stable cracks could not be grown. However, It
was found that stable crack growth could be Induced by rubbing the razor
blade to the vee while the specimen was beInq cycled. In this way, a
crack could be Initiated with considerable delicacy. Discovery of this
procedure constitutes a significant advance In dealing with specimens
such as brittle epoxies. The technique also works with other polymers
which are prone to fall before a stable crack can be Induced, and may
well open up the possibility of studying refractory materials which are
otherwise most difficult to handle.

For compact tension specimens, AK Is given by

AK - - (24)BW

where AP Is the load range, B the specimen thickness, W Ihe specimen
width, a the crack length, and

Y a 29,6 - 185.5(a/w) + 655.7(a/w)2 - lO17(a/w) 3 + 638.9(a/w)- (25)

All fatigue tests were performed on an MTS electrohydraul Ic closed
loop testing machine operated at a test frequency range of 10 1iz and with
the load ratio Pmln,/Pmax 0,1 . Crack growth rates were monitored with the
aid of a travellIng microscope In increments of approximately 0.25mm. Kc
was determined from the last stable value of AK rated prior to fracture,
after al lowing for 1"he load ratio used (63). All fai'Iquo eost wore run In
laboratory air. Fracture surfaces were examlned by scanningrj electron
microscopy.

b. Fracture Touqhness

Data for series A, series B, end series D are given In Table 24; see
also Figures 26 and 27. Clearly, values of Kr, Ilcreaso smoothly as the
amine content is Increased, In terms of fracture onergy, we have a range
from 10 J/m 2 to 440 JIm 2 , In Tod agreement with values reported by Salby
and Miller (17) based on different tests. As expected, series D (cured
with Versarnld, wuich confers flexibil'ity) exhlbils blill higher, fraclure
toughness, Since K2 - ES (equation 20), and since E In fact Increases
slightly with thr, amIne/epoxy rdatio (see Section VI), the principal eff-ct
of amine excess Is io conlr ductility (in the sense of plastic deformation)
and hence Increase G.
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lable 24. Fracture Toughness and Fatique Characfenrstlcs of Epoxy Resins
(Series A, B, D).

Am I n-e- a b slope of
Series Type Specimen Epoxy AKO K ,MPav• da/dN

Ratio Curve

Variable
Stolchlometry A-7 0.7 0.50 0.58 9.3

A-8 0.8 - - -

A-9 0.9 0.49 0,63 19.3

A-I0c 1.0 - - -

A-IOA 1.0 0.53 0.73 11.1

A-Il 1.1 0.58 0.78 7.7

A-14 1.4 0.75 0.93 17.6

A-16 1.6 0.72 0.93 18.3

A-1 1.8 0.79 0,98 19,0

A-20 2.0 0.83 1.0 9.9

Epoxy/Versaml d D-2 1.0 0.68 1.00 7.9
Type 'D-3 1.0 0.68 1.22 7.9

Epoxy Blends B-I 1.0 0.53 0,72 13.6
(M 326) B-2 1.0 0.57 0.80 11.6

C
B-3 1.0 0.57 0.76 15.8

B-4 1.0 0.57 0.78 10.8
B-5c 1.0 0.53 0.72 13.6

a At da/dN 3 x 10-4 mm/cyc.

b Calculated from relationship Kt = AK /0.9.
c maxC '

C A-IO and B-5 are equivalent; A-IOA ll I Illar, but cured with 919% MDA
Instead of Tonox.
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On the other hand, an excess of epoxy rosin decreases K. S nce E I
increased by such excess, the val ue of S must be slignff cantly lowe.red by
the proesnco of branchw d epoxy sftructures. (I'r d•. c:ussiur' of iho corilr-n
dictory trends In Kc, tensile strength, Impact strength, and ,'enslle
energy-to-break, see section e).

Although series B blends appear to be slightly "iougher than series
A controls, the effect does not seem *to be statistically signifi cant.
Hence, a moderate distribution In Mc does not appear to Influence Kc
appreciably.

All series E resins (Table 25, Figure 27) exhibited values of Kc
close to thse of series A. Although data for series E resins appear to
scatter more than those for series A, specimen F-5 still seems to exhibit
a high value of Kc In comparison with Its counterpart, E-5--a value higher
than those of Its constituent resins, E-I and E-7. This point is worth
further Investigation.

So far then, fracture toughness Is increased by Increasing the
amlne/epoy ratio or by Increasing the molecular weight of the epoxy pro-
polymer. On the other hand, contradictory effects of distribution In Mc
are observed In the limited number of systems studied, the direction of
the effect differing In Wersamid and MDA systems.

Table 25. Fracture Toughness and Fatigue Characteristics
Of Epoxy Resins. (Series E and F)

,a b
Series Type Specimen AK7  K MPa vm' nc

C

Unblended Commercial E-1 0.51 0.87 9.2

E-2 0.53 0.72 13.6

E-3
ý-4

E..5 0.72 I .07 10. '

F-6 0.70 1 .02 13.4
E-7...

BimodalI Blends F-I ...
F-2 ...
F-3 ...
F-A ...

F-5 0.78 1 .5•. 11.
aAt da/dN - 3x10" mm/cyc. D Calculated from ,uiatlonshlp Kc AK.•ax/O.
CSlope of da/dN curve.

E2 0-5, and A-iO are equivalent; see Tables 3, 4, and 6.
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c. Fatigue Crack Propagatlon (FCP)

Several FCP parameters are presented In Tables 24 arid 25, and In

Figures 26 and 27. The behavior Itself Is Illustrated In Figures 28 to 32,Inclusive. I
First, for Series A, the data show that, Just as K did, values of

AK* (a measure of the energy to drive a crack at a given 5elocity) Increase
as the amine content increases. Data for Series B fall, within experl-
mental error, on the same curve. In contrast, the Series D resins are
Identical In their behavior, except for-their K values.. This finding
Is In contrast with the results of Selby and Mlfler (17) and Bell (46),
who found maxima In static K and Impact strength, respectively, as a func-
tion of amine/epoxy ratio, s8e also the contrast with tensile data
obtained In this study (Section e).

In any case, the results are quite self-consistent, aný should
serve as a standard of reference for future work. Indeed, AK correlates
well with K (Figure 33) - a relationship suggested earlier by Manson
and Hertzbe~g (64). Thus, In contrast to metals, It was shown that the
higher the static fracture toughness, Kc, the greater the value of AK
required to drive a fatigue of Interest here exhibit a similar phenomenon.

Further work will be required to clarify the role of distribution
In M on FCP rates, However, so far, modest changes In distribution do
not Effect FCP behavior significantly.

d. Fracture Surface Morphology

Fracture surfaces of all resins examined resembled those of other
glassy polymers (71), with a classic combination of smooth and rough
regions and river-like features running In the direction of the crack. As
with other crosslInked polymers, there was thus evidence for considerable
plastic deformation,

In view of current findings that fatigue cracks often grow dis-
continuously -- that Is, many cycles being required before the crack jumps
to a new position -- surfaces were examined for evidence of fatigue stria-
tions corresponding to crack jumps. Although striations could be seen,
they were too faint to photograph. However, their spacings were measured
at various locations (corresponding to particular values of 6K and crack
length a. As shown In Figure 34, da/dN curves constructed using
values of da/dN thus derived were plotted-against AK, along with data for,
specimen' A-20. Clearly, the cracks grow Incrementally -- one Jump per
fatigue cycle,

With other polymers discontinuous growth has been shown to reflect

the-growth of stable crazes ahead of the growing crack. If crazes do grow
ahead of the crack in these epoxies (and no direct evidence has yet been
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Fig. 34. Typical FCP behavior of epoxy resin as function of AK:
specimen A-20, f = 10 Hz; circles observed during fatigue
test and squares calculated from fracture surface striations.

88

"L A-,, 
iII



found), the crazes must be able to resist only one load cycle -- a
phenomenon found with other polymers only at very high loads or high
molecular weight.

Finally, no evidence was found for the existence of large aggre-
10 gates of microgel (see section VIII. This observation does not, however,

exclude the possibility that such aggregates exist, for the crack could
pass right through them, as is the case with poly vinyl chloride. The
use of selectlive etching, as reported In Section VIII, should bo helpful
In settling this question.

'I,!
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e. Stress-Strain and Impact Behavior

Tensile tests were made using an Instron tester at room temperature
according to ASTM test D-638-60, type IV, with a crosshead speed of 1.27
mmn/sec. Young's modulus, (E), ultimate tensile strength (au), yield
strength (a ), ultimate elongation (cu), and energy-to-break (T) were
determ ined.Y F.

Impact tests were conducted according to ASTM test D-256-70, method
B (Charpy type, notched).

Results for the various series of resins are presented and discussedbelow.

I. Series A Epoxy Resins (Variable Stolchiometry)

Tensile data are presented In Figures 35 to 38, as a function of both
amine/epoxy ratio and Mc. In general, results are similar to those reported
by Bell (46), Selby and Miller (17), and Whiting and Kline (7). Values of E
and e. do tend to be lower and higher, respectively, probably due to the use
of the thinner specimens In this case, with consequently greater plastic
deformation at the edges. As noted by others (7,17,46), the absolute magni-
tudes of a , E, and cu vary little (120% at most) over the whole range of
stolchlome!ry. On the other hand, the toughness or energy-to-break, T
(corresponding to the area under the stress-strain curve), shows a 2-fold
"variation (consistent with systematic variations In a. and Eu.)

This general relative Insensitivity Is as predicted for tests In the
glassy state (59); glassy-state properties should be more closely related
to cohesive energy density (that Is, to the specific polymer chemistry of
the system) then to the network structure. In other words, If the polymer
behaves as an elastic, brittle solid, one would not expect major differences
In glassy behavior. Nevertheless, as may be seen from Figures 36 to 39,
small but consistent second-order variations In E, ou, and ':u can be seen,
with maxima or minima noted, usually when the amine Is slightly In excess.
Interestingly, values of E and a. are more than 50% of the values predicted
theoretically for a brittle glass (59), confirming that the specimens are
reasonably well-behaved.

In some cases, for a given Me, the tensile behavior depends on which
component is In excess. A similar observation was made for somc visco-
elastic behavior (see Section VI).
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Fig. 36, Tensile parameters as function of Mtv closed circle, epoxy-
excess In Series A; open circle, amine excess In Serles A;
open triangle for Series E; and closed triangle for Series
F.
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Values o' Impact strength (Figures 39 and 40) agree reasonably
well with Bell's (46), though the peak with Serle5 A Is shifted slightly
and flattened. As wirh T, Impact sirength Is more sensitive to stoichlo-
metry than are E, ou, and u.

In summary, modulus and strength tend to be higher when amine or V
epoxy is significantly In excess, while Impact strength tends to be lower.
For further dlscysslon of the Interplay between tensile and Impact properties,
fracture toughness, and morphology, see sections ViI1--3,4 and IX.

2. Series E Epoxy Resins (Unblended Commercial Resins)

Tensile date for Series E are given In Table 26 ard Figure 36.
Results are In reasonable agreement with those of Series A, when plotted
as a function of M , though the data are somewhat more scattered, with
results at the hlggest M tending to fall below the trend for Series A.
In general, however, as 51th viscoelastic behavior, tensile behavior
tends to follow M regardless of whether a particular M Is obtained by
changing stolchlo~etry or by changing prepolymer molecuTar weight.

Table 26. Tensile Data for Series E Epoxy Resins

Sample ' Elongation. g aou, '' V a y 'MPaa

E-1 9.9:1.0 1.12±.12 69±3

E-2 12.7:1.2 7.15±511 7,t2
E.3 12.3±2.2 1.13±.10 76±3 -

E-4 9.0±0.5 .34t.10 74±3

E-5 10,5±0.7 1.52±.13 69-3 75±2b

E-6 10,8±1.7 1.23±,05 64ý7 74 1lb

E-7 - . -I-

aYield Strength (where observable).
bActual stress at fracture.

Impact strengths (Figure 401 do not agree as well with those of
Series A as did other properties (perhaps due to differences In operator
technique, Impact tests being very sensitive to this factor). However,
the results are Internally consistent, and show, in contrast to the
case of Series A, a tendency to decrease as Me Increases (that Is, as
the prepolymer molecular weight Increases). c
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Table 27. impact Data for Series E and Series F Epoxy Resins

Sample Impact Strength, Jim Sample Impact Strength, J/m

E-1 5016 F-I 42±2

E-2 43±3 F-2 41±3
E-3 42±4 F-3 38W2

E-4 - F-4 41f3

E-5 40±4 F-5 37±4

E-6 34±7

E-7 -

In view of the fact that Impact strengths may be related to the
0-transition behavior (77)p the relationship was examined with Series E.
It was found that the higher TS, the greater the Impact strength (Fig. 41).
This behavior was not noted with series A. Conceivably this relationship,
which agrees with some results reported by Vincent (78) but which disagrees
with other results In the I Iterature, may be due to a role of tan 6, which
would be higher, the closer the test temperature to To.

3. Series F Epoxy Resins (Bimodal Blends)

Tensile data are summarized In Table 28 and Figure 36. In general,
values of E and a tend to fall below the values reported for Series E(and Seri e 9A),

Table 28, Tensile Data for Series F Epoxy Resins

Sample % Elongation Eg9 GPa oPMPa ,MPa ;

F-I 8.512.0 I.20t.I1 6309 -

F-2 10,1t1.6 1.23±.10 75±5

F-3 9.61l.4 1.24±.13 7716 -

F-4 7.2i1.8 I.l0±.l0 62±10 -

F-5 10.510,7 1.30t,31 64±2 7315
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FI
Impact strengths, on the other hand (Table 27), agree well wIth those
found for Series E, though they too lie below the range found for Series A.

In short, the bimodal blends may Indeed show some deviations from
the behavior for other epoxy resins, but the differences are small. The
9greatest deviation noted was for specimen F-4, which, an noted above,
appears to be anomalous In other respects,

PU
f. Correlation of Tensile, Impact, and Fatigue Data

In any attempt to correlate mechanical data, the basic differences
In tests must be kept In mind. Thus, tensile tests are run at low rates
using unnotched specimens, Impact tests are run at high bates using, In
this case, bluntly notched specimens, and K. tests ore fast using sharp
notches, It must also be kept In mind that various parameters may act In
opposing ways; for example, plasticization tends to enhance elongation but
to weaken the material as well,

An example of the competitive effects may be seen in the case of
J. series A. As discussed above, Kc Increases monotonically by a factor of 2

as the amine/epoxy ratio Is Increased, while a first decreases and then
Increases. The question of Griffith's (60) crltical flaw size, a was also
of Interest. To evaluate relative changes In a as stolchlometry was varied,
values of awere estimated from the following equation:

2
uK C a (26)

where a. the radius of a hypothetical disc-shaped flaw embedded-in a
tensile specimen, with the plane of the disc perpendicular to the tensile
axis, In this simple example, a , Is taken to be the smooth-bar tensile
strength and Kc, the fracture toughness. While an actual flaw may not
correspond to this model, the trend nf the calculated values will not be
affected.

Calculations with series A show that a increases nonotonically from
32 pm to 141pm as the amine/epoxy ratio Is increased from 0,7 to 2,0. Values
of a for series E range between 72pm and 337pm, depending on the epoxy mole-
cular weight. These values are in the range of sizes of heterogeneities
observed by the SEM (see section VIII).

-Several correlations do, however, pose special problems. Why In
series A does Impact strength rise and then fall as the amine/epoxy ratio
Is Increased? It Is difficult to see why the decrease would occur when K.
(and hence the resistance to growth of a crack) Is Increasing. Also, why
should the modulus Increase In amine and epoxy-rich compositions? No clear
answer Is evident.
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SECTION VIII

MORPHOLOGY AND NETWORK MODELS

A, Introduction

Since the properties of thermoselting polymers depend on their network
structures, the morphology of such polymers has long been a subject of con-
siderable theoretical and practical Interest Efor a recent review, see Morgan
and O'Neal (15)]. Thus, It Is well known that the tensile strength of thermo-
set resins Is less than predicted theoretically on the basis of the breakage
of primary or van der Waals' bonds (59), and It was proposed long ago (78)
that the discrepancy was due to the rupture of weak raglons created during
network formation. Indeed, It has been shown (23) that high Internal stresses
can be developed during curing, especially when the curing rate Is low. This
view of the role of structural defects Is also given credence by modern
theories of fracture mechanics (31), which emphasize the concept of the
concentration of stress at a flaw (see section VII).

Other Investigators E9,22,23,59,76,79,80; see also other references
cited by Morgan and O'Neal (15)3 have emphasized a view of the network as
essentially a composite, with a high-crossllnk-dens!ty (essentially spherical)
phase (often consIdered as a microgel) embedded In m less-crossl Inked mmtrlx.
In fact, It Is probably generally accepted that, regardless of specific
details, the curing of thermosets results In an Inhomogeneous, two-phase net-
work. Inhomogenelty has been attributed to compatibility problems or non-
optimum curing conditions (59), but has also been proposed to be inherently
characteristic of gelling systems (76).

The existence of Inhomogeneltles has been Inferred from results of
diverse invastigatlons using many IechnIques, Including electron and optical
microscopy, thermomechanical measurements, differential swelling, and
differential scanning calorimetry. Dispersed phases have been referred to
by such terms as "mlcelles," "globules," "floccules," "nodules," and
"microgels." In this study, the term "microgel" will be used.

In general, two levels of sizes have been reported In the IJterature--
onq (type A) ranging from Inm to 40nm, and the other (type 0) from 20pni to
200m. It has also been shown (23) that slow curing rates esult In larger
microgels (type B) which result In a network having higher T•, density, and
resistance to etching. The surface properties of the networR depend on the
surface energy of the mold material and on the atmospheric environment (22,
25), The size and density of these microgels have also been related to the
presence of plasticizer (81), radiation damage (82), prolonged exposure to
heat (B3) and aging of the resin (84).
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Studies (25) have also shown that certain substrates such as teflon
and sllicone mold release agent qive featureless surfaces, but subsequent
etching of the suface show the two-phase structure (25). Microtomed thin
sections and small-angle X-ray scattering fall to Indicate two-phase
structures (17), probably because the electron density of the dispersed
phase and the matrix are not sufficiently different.

Both low tensile strengths and nodular morphology In thermosets
have been theoretically related to differences In crossl Ink density (22,
76,80). At the same time, the fact that the yield strength of some epoxies
Is fairly Independent of stoichlometry, has been attributed to the role of
microgels as primary flow particles (15).

In this study, morphology was examined as a function of stolchlometry,
molecular weight of the epoxy prepolymer and distribution of Mc In blends.
Results are discussed bolow and Implications proposed with respect to model
behavior.

B. Experimental Details, Results and Discussion

a. Morphological Studies.

Various etching techniques were tried to study the micro- or
macro-structure of epoxy networks ("macro-" Implying a morphological
feature on a scale of jrm or larger). Surfaces (not fracture surfaces)
of sample E-2 were etched with HF acid for 30 minutes, wIth acetone for 15
days, with argon at high voltage under vacuum for 10 hrs, and with a
molal aqueous solution of Cr 0 (17) at 8000 for 7 hrs. The etched
samples were examined under Q SEM. Of all the methods Cr2 0 etching
proved to be the most effective. Argon-mllling did produce same effects
but not as extensivel/ as Cr 03 etching. Then the effect of etching time
was studied on sample E-7 wIha molal aqueous solution of Cr 2O• at 80C.
The specimens were examined after soaking for 1/2 hr, I hr, 2hs,4 hrs,
and 7 hrs, respectively. It was observed that I hour was not sL'ffIclent
to etch the surface. As shown In Figure 42, progressive etching revealed
a very Interesting macrostructure with feature sizes of n 10-40 Pm.
Chemical etching renders the less coherent polymer constituents
more soluble In water without appreciably affecting the solubillty of the
high molecular weight material. If the high molecular weight material
Is connected by weak bonds to the matrix then these weak bonds would be
attacked first thus etching out the unattached hLgh molecular matbrial
first, before etching the low molecular weight matrix. To study the
microstructure of the cured resins, using a two-stage replication technique,1
an etching time of 4 hrs. was found more convenient. Replicas made from

7-hr-etched surfaces caused experimental difficulty on the microscope.,

Samples of Series A, E and F were etched for 4 hrs. at 800C In
a molal aqueous solutIon of Cr 0 , and two stage replicas were made to
study the fine structure. Sim~ilr samples were also etched for 7 hr In the
same medium to bo scanned under the scanning electron microscope (SEM) to
determine the gross morphology, Details are discussed Lglow.
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I. Sorls A (Vorying Stoichlometry)

Examination under the SEM (Figures 43 and 44) revealed a two-phase
Sltuc turc. Dimples were obsorved on the surfacn, the dimple size Incruas-

Ing with the amount of MDA In the amine-excess region, >,amples having an
epoxy excess appeared to be smoother than samples which have slmllar M
but an excess of amine. The sizes of these phases varied ýrom lOm to 70pm
dependIng on the percent excess of reactants. In agreement with sizes reported
by Cuthrell (22). It was also observed that above an amine/epoxy ratio
of 1.6/i the morphological difference was negligible,

The two-stage replicas exemlred with the transmission electron
microscope (TEM) also revealed the existence on a much finer scale of
two phases (Figure 45). It should be noted that dimples on a
two-stage replica represent elevations or nodules on the actual surface
and vice-versa, The replicas showed nodules on the surfaces, corresponding
to dimples on the polymer surface, as described by Racich and Koutsky (25).

(One must be very careful in Interpreting statements about features seen
In repliicas, A nodule In a two-stage repi Icea arises from a dimple on the
polymer surface; In turn, the dimple may reflect the popping out of a
polymer nodule.) The phase sizes were found to be In the range of 2Onm
to 200nm, It was also observed that as the amount of amine was Increased
from equal stolchlometry the phases Increased In average size. The epoxy-
excess samples had smaller-size domains, in any case.

2. Series E (Commercial Resins, Varvylng Prepolymer)

In these cases also (Figures 42, 46, 47), a two-phase-structure was
found, A marked difference In morphology was also observed to exist In the
specimens from liquid resins as compared to those -from solid and semi-solid
resins, In the samples from solid and seml-solid resins, highly crosslinked

shells were obuerved encapsulating less-crossltnked material.

It was also observed that the morphology was similar throughout the
thickness of the samples (Figure 48). Also, the Inhomogenelty did not arise
from poor mIxing for casting from acetone solutions yielded similar behavior,
(In this case, using a fraction of Epon 1001 obtained by precipitation from
solution by adding nonsolvent.) The discontinuous phase size was found to
Increase with Increasing molecular weight of the prepolymer. The volume of
the continuous phase was found to decrease with Increasing molecular weight
of the prepolymer. The domain sizes of the large discontinuous phase were
found to be-in the range of lOlm-to 70irm depending on the type of prepolymcr
use(i,-

It was observed that all the samples made from the solid prepolymers
had nearly the same fine structure having the dIscontlnuous phase In the
range of 1Onto to 2Onm.
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Figure 412, Scanning eiocton micrographs of epoxy (E-7) surface
etched with sq. Cr2O0 for various periods of time:

A=2 hr, Bý,4 hr C hr, and D=11 hr. i
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Fljure 46. Scanningn electron micrographs of !,rler C ropoxic.!7
etched w Ith eq. Cr2O3 for 7 hr: A=E-1 , L3=E-2, 013
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Figure 48. Electron micrograph of Epon 1001/MDA epoxy (E-5) ntchedi
for 7 hr In aq. Cr2O3. A and B, croris-section airea;
C;, surface; D, resin cast using an acetone solutiln of

a fraction of Epon 1001.



3. Series D (Cured with Versamid 40).

These samples also appeared to have a morphology similar to the
samples mentioned above (Figure 49). The size of the discontinuous phase
was much larger 8ecause it had a higher Mc and lower glass transition
temperature (8O 0C), and hence was etched out much more.

4. Series F (Bimodal Blends)

In these cases (Figs. 50-52), the grons morphology appeared smoother
and different from their equivalent counterparts of series E. However, the
fine structure did not look much different from that for the equivalent
counterparts of series E.

5. Isolation of Mjcrogel

To determine whether the dimples observed In SEM & TEM were due to
the extraction of higher molecular weight material (i.e., clumps of micro-
gels) or of lower molecular weight phases, the following experiments were
done,

Samples of E-2 and E-5 were dissolved before gelation In acetone.
Since E-2 has a much longer gelation time than E-5 It was dissolved In
acetone after curing at 6000 for 30 minutes and at 800C for another 15
minutes. On the other hand, sample E-5 was dissolved In acetone after
curing at 1000C for only 10 minutes. The solution was diluted to 100 ppm
and electron microscope grids were made. Similarly the cured films of
these resins were cut Into small pieces and etched In a 1-molar solution
of Cr203 at 70 C. The etching solutions were then diluted and electron
microscope grids were prepared. Electron mlcrographs are shown In Fig. 53.

In both cases microgels were observed, indicating that microgel

formation takes place before gelation and that the microgels are dis-
persed end loosely connected to a weaker continuous phase and creating
the holes on the surface observed earlier. This experiment also made It
clear that the discontinuous phase (though etched out first as clumps)
Is composed of microgals which are stronger than the continuous phase.
It Is the connections between the aggregates that are weak. The size and
number of these gels keep on Increasing till the viscosity becomes highenough for gelat ion to take place._

6. Conclusions

Clearly smal I microgels (0100 nm) are. formed, even before gelatlon.
The particles appear to be embedded In a matrix of lower crosslInk density.
though they may also aggregate together. In the case of solid prepolymers,
an additional phase Is present: shells of highly crossl Inked resins In a
matrix of lower crossl Ink density, but containing material of stll lower
crosslink density.
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Figure 49. Scanning electron micrographs of Epon 828/Versenild 40
epoxy (described In reference 49; contained glass beads).
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Figure 51. Scanning electron micrograph of series F epoxies
etched 7 hr In aq. Cr2O0 AmF-2, B=F-3, C=F-4,
D04-3; specimen F--4 Is ~ho counterpart of specimen

F-3114
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F Figure 52. Electron micrographs of 2-stage repliIcas of series F
epoxies, etched 4 hr In aq. Cr-203: A=F-1, !3-F-4, and
C=F-S-.
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Flouro 53. Electron micrographs showing microgol particles
from epoxies (using formulations for E-2 and E-5).
A and 3 show gel particles elched out from cured
epoxy by aq. after 4 hr at 700C. C and D
show microgul iso ated prior to gelation.
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b. Mdel for Network Formation;

Even though paradoxical behavior still exists, It Is Interesting
to speculate on what kind of model network would be reasonably eonsistent
with the morphological and property data at hand. The principal points
to consider Include the following questions; the basic morphological
unit or units, the phase continuity, and the crosslink density and other
properties of the various eutitles.

First, electron microscopic evidence shows that microgel particles
from prior to gelatlon (Fig. 53), both with low and high-molecular-weight
epoxies, and with epoxy and amine-rich systems. [Even with an excess of
amine, Insoluble and crosslInked polymer Is formed, presumably because
of reaction of some secondary amine groups (46).] This conclusion Is In
accord with the suggestion of, for example, Bobalek et al. (80).
These particles should have sizes of the same order of magnitude,
though they may tend to be somewhat larger, the higher the prepolymer
molecular weight, as predicted theoretically (76). As curing proceeds,
the number of particles Increases until they begin to Impinge on one
another. Then, In part due to capillary forces which will encourage
physical sintering, and In part due to the reaction of unreacted
functional groups, the particles first agglomerate In clumps nitd then fuse
together with concomitant phase Inversion. In effect this model adds an
agglomeration step to the model proposed by Sobalek et al. (76) (see Fig.
54). The formation of large aggregates Is compatible with the critical
flaw size found In section VII.

Now we propose that, at least In some cases (such as when one
component Is In excess), a separate phase may collect In the Interstices
and ultimately undergo polymerization (with second-stage microgel formation)
giving In effect an Interpenetrating network. When co-solubility Is
especially low, as with the solid epoxy resins, the first continuous
network formed may actually establish a skin within which curing proceeds
again, with secondary microgel formation.

In any case, the nclwork which reacts first will (if analogous
io the catie of Interpenetrating networks - see section V) should dominate
properties, ovon for the same average Mc. Also this network wll have
more time to coalescn and enhance Its contlnul-y.

With a high-molecular weight epoxy, microgel formation should be
completed early. Large aggregates may be formed, but the connectlons may
bu Inherently weak. With an excess of amine, microgel should again be
formed early, but the plasticizing effect of the amine may enhance the
development of enhanced continuity.
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Whether the critical flaw size correspond,; to th(i aqqregates first
feoriud prior to phase invursion, or whnthur It corresponds to thu in-
clusions Is, of course, not known. Indeed, the reality of a flaw
corresponding to the calculated value of a Is not proven. Nevertheless,
the close agreement between microscopic evidence and the compuled flaw
size Is strongly suggestive of a correlation,

Now as the amine content Is Increased, the overall plastic
deformation will be Increased due to the plasticizing character of 1he
amine, while the modulus E Is not decreased (in fact, Increased). Hence
S and K. Increase. E Itself may well Increase due to enhanced continuity
of the network. At the some time the flaw size Increases, but not as
fast as S so that tensile strength actually Increases a little. But with
an epoxy excess, the decreased flaw size (corresponding to smaller aggregates)
more than balances out the lower value of S so that strength again In-
creases. However, the toughness otherwise seen at high amine contents Is
vastly reduced by the high loading rate In Impact, while with epoxy
excess, the smaller flaw size Is able to delay fracture.

When the molecular weight of the epoxy Is Increased, different
behavior occurs. The Inherent S of epoxy components Is low compared to
that of amine, and hence tensile strength does not Increase and Impact
strength decreases.

With broad distributions such as In the bimodal blends, the properties
will be determined by the dominant component. If It Is a high-molecular-
weight resin (which Is more reactive) this network will dominate, Tg will
be low, perhaps because the Initial fast reaction yields a rather weak
network. At Intermediate concentratlons, a judicious balancing may occur,
and properties may be governed by the low-molecular-weight component.

Although this discussion Is clearly speculative, It does explain
some of the behavior noted, and suggests Ideas capable of testing In the
laboratory.

. .

I
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SECTION IX

CONCLUSIONS AND RECOMMENDATIONS

A. Model Networks

a. Conclusions:

Based on research tD date, the following conclusions may be made:

(1) The Millar IPN networks exhlblt a distinct segregation from
each other. Thle first synthesized network Is more continuous In space
than the second syntheAized network, Electron microscopy sihows that
the domains are 60-1OO In size.

(2) The results of the polyityrerin/polystyrene Millar IPN's
study beer strongly upon many types of ordinary sinole networks, such
as the thermoset plastics. The results suggest thet the first portions-
of any polymer to reach the gelation stage (when polymerized and cross-
linked simultaneously) may be more continuous In space than (accidently)
later portions, If the kinetics of polymerization and crossllnking
differ slightly, the drift In composition will have significant effects
on mechanical properties such as creep.

b. Recommendations for Further Work:

(1) The findings for the PS/PS Millar IPN's should be verified
by other experiments, and broadened In scope. Careful experiments, such
as interruption of a single network synthesis, altering the crosslinker
concentration, and completion of the polymerization ought to be carried
out, as such experiments will elucidate the nature and extent of domainseparation.

(2) The relationship between Millar IPN's and their, respective

homopolymors needs exploration. Exactly what Is the extent of
segregation between early and late polhmerized polymer In a single
network Wor thermosel plastic) synthesis?

BL. Epoxy Networks

a. Conclusions:

Based on research so far, the following conclusions may be mndo:

(1) Satisfactory experimental techniques have boon developed for
the synthesis of blsphenol-A-epoxy/MDA and blsphenol-A-epoxy/polyamilde
reslnn wlih the following varlations In crosslinking: variable Mc (by
rhanging stolchlometry or molecular weight of the epoxy); and variable

120



1*1

distribution of Mc kby blending epoxies of different molecular weights).
Attainment of essentially complete curing has been domonstrated.

(2) Standard techniques have been used to determine the following:
stress-strain behavior; viscoelastic response (using the Rheovibron
elastoviscometer); stress relaxation; swelling; response to differential
scanning calorimetry; and morphology (using high-resolution electron
microscopy by replica and transmission techniques, and scanning electron
microscopy). Also, a standard fatigue fracture technique was successfully
modified to conveniently determine the quasi-static fracture toughness
and fatigue crack propagation rates as a function of stress Intensity
factor range and any other fatigue variables of Interest.

(3) Thus a precise baseline of viscoelastic and fracture response
has been established for use In comparing the effects of any desired
variation In composition or network structure.

(4) Viscoelastic responses are usually well-behaved functions of
Mc In typlcal epoxy systems. Various viscoelastic parameters depend In
a quite regular fashion on Mc whether a given value of Mc Is achieved
by changing stoichlometry or by changing the molecular weight of the
epoxy - the latter correlation being apparently new. As the degree of
crosslinkIng Is increased the following parameters are Increased In
conformity with expectation: T0 (or T ) T , the rubbery modulus, the a and
$ transitions, arid the creep ritardatlon ýIme. However, the absolute
values of Tg are higher than reported by others using similar curing
conditions. The following parameters are decreased by Increasing cross-
linking: the magnitude of tan 6 at Its maximum value near T and the
slope of the modulus-temperature curve at T , In the case 2f the
transition slope, the relationship depends 5n whether or not the amlne
or epoxy Is in excess. Quantitative correlations were made for series
E resins between Mc and T , Young's modulus, rubbery modulus, and tan
6 ax, these correlations should be of Interest for the convenlent
c~aracterlzatlon of Mc.

(5) The swelling ratio and the soluble fraction are systematically
decreased by increased crosslinklng, as expected, though results are
more variable than the vlscoelastlIc results. Swe ling tests were also
rmre difficult to perform than viscoelastic or mechanical tests.

(6) In general, broadening the distribution of Mc at cotistant
_average Mc had no significant effect on swell ing or viscoelastic response.

However, possibly significant variations were noted In swolling and In
the slope of the modulus-temperature curve for blends of epoxies with
widely differing molecular weights. In one particular blend, T and the
retardation Time were significantly lower than for control specymens,
oven though no evidence for Incomplete curing was found.

(7) Thus, unless a distribution of Mc Is very broad, vIscoelastic
behavlor It determined by Mc, whether a given Mc Is obtained by changing
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stoichlometry or prepolymer molecular weight. Thus testing for MC should
characterize viscoelastic responses rather well. Indeed, excellent
correlations were obtained commercial resins between Mc and T , Young's
modulus, rubbery modulus, tan , and creep retardation tlmg T. Since
Tg can be obtained viry quickly by a variety of tests, and since both
T and r are very sensitive to Mc, use of these parameters In routine
testIng fcr consistency of epoxy viscoelastic behavior Is recommended.

(8) In contrast to results reported by others, fracture toughness,
Kc, Is a smooth, linear function of the amine/epoxy ratio from less-than-
to greater-than-stoichlometrlc amine contents. All specimens are quite
brittle, with values of Kcranging from about 1.1 (excess of amine) to
0,6 (excess of epoxy) MPatm, The stress intensity factor range, AK,
required to drive a crack at constant velocity under cyclic loading
behaves In a generally similar' fashion, while the slope of the curves of
crack growth rate per cycle vs AK also appears to be independent of the
stolchlometry range of excess amine. (Until this study FCP behavior does
not appear to have been described as a function of composition.) Fracture
toughness Is also Increased by Increasing the prepolymer molecular weight.
Increasing the breadth of distribution In M has little or no effect,
except In one case of an exceptionally broa• (presumably blmodal)
distribution, which showed an exceptionally hlqh Kc - 1.5 (but an anomalous-
ly low T9 ). ¶

(9) Curiously, Young's modull, tensile strength, and elongations
(at break) Increased as stolchl,ometry deviated from an equality of
functional groups, while Impact strength and energy-to-break tended to
decrease. Modulus, Impact and tensile strengths were decreased by In-
creasing prepolymer molecular weight. Again an anomaly was noted with
very broad-distributlon specimens, whose lensile strengths tended to be
lower than those of the controls.

(10) Scanning and transmission electron microscopy (of etched
surfaces) revealid a variety of morphological features, Including microgel
particles (0,00 nm in size), aggregates ('%40 pm In size), and, In the
case of solid epoxy prepolymers, high-crosslInk-density skins around the
aggregates. The sizes of the largo aggregates varied with Mc; an
effect of MC on microgel size Nas not established. Primary tests
showed that these features did not arise from poor-mixing, but must
have come about during curing. It-was also shown that the microgel
particles are formed prior to the gel polnt.

(11) Based on the electron microscopic, viscoelastic, and t
ultimate mechanical property data, a model may be proposed (similar In

some respects to models previously suggested by others, and different
In others) to represent the curing of the resins. The model assumes
that microgels form, agglomerate, and undergo phase Inversion - with
Inclusion of material crosslInked after the gel point to give In effect
a type of Interpenetrating network. This model could be used to explain
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tentatively at least some of the experimental facts, though further
testing and refinement Is certeinly called for. interestingly, it was
possible to rationalize the conflicting trends In tensile strength and
fracture toughness by considering conflicting trends In modulus, fracture
energy, and critical flaw size - calculated values for the latter
corresponding (perhaps fortuitously well) to the order-of-magnitude
sizes of the microgel aggregates. Again, this point requires furtherstudy,

b. Recommendations for Further Work:

(1) The relative Independence of most behavior on the distribution I

of cross IInks per se should be tested usIng a new epoxy system whIch Is
free from some of the experimental difficulties associated with con-
ventional epoxy prepolymers. This system, already used by Labana et al.
In some preliminary studies, consists of a copolymer of methyl
methacrylate with glycldy/mathacrylate, By changing the copolymer
composition and polymerization conditions we can vary the average spacinW
of epoxy groups and the prepolymer molecular weight Independently.
Blends can readily be made for curing with an amine. Emphasis should be
placed on the more sensitive properties such as fracture toughness,
creep, and T

(2) Gradients In actual ep.,.., -.n characteristics should be
simulated by providing a gradient of temperature or composition during
curing. This may be done by techniques such as quenching surfaces or
casting layers of various stolchlometries together.

(3) The effect of cure temperature and diluents should be examined
In more detail In both 1 and 2. Also, the kinetics of curing should be
studied In detail because of Its relationship to eventual morphology.
Emphases should be on a statistical approach to functional group
reactivity.

(4) In all cases, the detailed morphology should be studled using
SEM and replica EM, and variable-time (and more selective) etching. The
size, composition, distribution, phase continuity, and volume fraction
of various components should be determined, and correlated with kinetics
of curing.

(5) The model proposed herein should then be tested and refined by
developing a more complete picture of the curing process and by learning
more about the relationships between the microgel particles and their
aggregates, and phase continuity. Ultimately, the application of
quantitative composite relationshiDs Involving modulus, strength, and
phase continuity should be attempted.
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(6) In all cases, torsional creep relaxation should be compared
with tensile creep to determine which Is more sensitive to variations
In network structure per se, and to variatlons In composition or cure
within a specimen,

Results should be useful In (1) confirming what basic network
factors are Important to the behavior of a crossl inked matrix-or adhesive,
and (2) developing tests for uniformity within a given resin specimen.
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